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Abstract 
 
Stream ecosystems are influenced by the surrounding landscape, and agriculture within their 
catchments has changed many characteristics of streams.  Agriculture has been a prominent land 
use activity in the southern Appalachian Mountains of the eastern United States for over 500 
years.  However, recent socioeconomic changes in the region have caused many farmers to 
abandon agriculture leading to widespread reforestation of historical farmland.  I investigated the 
influence of agriculture on the physical, chemical, and biological structure and ecosystem 
processes of streams in the southern Appalachians.  In addition, I studied streams in watersheds 
previously agricultural but currently reforested to determine how historic agriculture generates 
long-term effects on streams.  Stream draining agricultural catchments (i.e., agricultural streams) 
had higher temperatures, light inputs, nutrients, and suspended sediments than forested streams 
and contained smaller substrate, dominated by sand and silt.  Temperature and light regimes 
recovered in streams of reforested catchments, but the other aspects of stream physicochemistry 
remained elevated or changed due to historical agriculture.  I expected biological community 
structure and ecosystem processes to reflect these altered conditions in streams with current and 
historical agriculture.  Higher chlorophyll, lower macroinvertebrate biodiversity, fewer shredder-
detritivore invertebrates, and more pollution-tolerant organisms characterized agricultural 
streams compared to forested streams, but each of these biological features was similar in long-
term forested streams and streams with reforested catchments but with agricultural histories.  
Agricultural streams had higher rates of gross primary production (GPP) and GPP to respiration 
(P/R) ratios than forested streams, indicating that agriculture enhances autotrophic metabolism in 
streams.  Agriculture did not have a significant effect on wood breakdown or microbial biofilm 
development on wood substrates.  Together, these data suggest that agriculture causes many 
different changes in stream physical and chemical properties and that many of these properties 
do not recover following reforestation of catchments over the past 50 years.  However, biological 
community structure and ecosystem processes appear to respond to physical aspects of streams 
that do recover from historic agriculture including light, temperature, and organic matter supply 
and type. 
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CHAPTER 1 
 
General introduction 
 

Ecosystem stability involves two properties related to either the immediate impact or the 
eventual recovery of a system following disturbance (Holling 1973, Webster et al. 1975).  
Resistance is defined as the ability of a system to remain at or near pre-disturbance conditions 
during a disturbance.  Resilience refers to the ability of a system to recover to pre-disturbance 
conditions following alteration caused by disturbance.  When coupled, resistance and resilience 
determine the stability of an ecosystem and are usually inversely related (Webster et al. 1975, 
Fisher et al. 1998).  Stream ecosystems are generally considered to have low resistance and high 
resilience to disturbances (Webster et al. 1983, Fisher 1990, Webster et al. 1992, Whiles and 
Wallace 1995, Fisher et al. 1998, Hutchens et al. 1998).  Habitats that provide refugia for biota 
(Gurtz and Wallace 1984, Sedell et al. 1990), nutrients that sustain the resource base of an 
ecosystem (DeAngelis et al. 1989, Herbert et al. 1999), and retentive structures that minimize 
material export (Bilby and Likens 1980) can drive stream ecosystem resistance.  Short life cycles 
of aquatic insects (Grimm and Fisher 1989, Wallace 1990), seasonality of leaf litter inputs to 
forested streams (Fisher and Likens 1973), and rapid recovery of algae (Grimm and Fisher 1989) 
enhance stream resilience to disturbance.  However, given a persistent disturbance at broad 
spatial and temporal scales, such as agricultural activity within the catchment, these stabilizing 
properties may be insufficient to maintain stream structure and function. 

Terrestrial conditions determine physical and chemical properties of streams (Minshall et 
al. 1983, Harding and Winterbourn 1995, Johnson et al. 1997), which influence the structure and 
function of stream ecosystems (Cummins 1974, Hynes 1975, Townsend et al. 1983, Richards 
and Host 1993, Wohl et al. 1995).  In small, forested streams, the terrestrial-stream link is 
particularly strong because vegetation constitutes the primary organic resource base (as 
allochthonous detritus) and limits in-stream primary production (Fisher and Likens 1973).  
Clearing forested land for logging or conversion to agriculture causes many changes to streams 
including higher light and heat inputs, altered rates and types of organic matter supply, and 
higher nutrient and sediment inputs.  These changes in stream physical and chemical conditions 
interact to affect biological community structure and ecosystem function.  Agricultural land use 
results in increased nutrients and light, which causes algal production to increase in cleared 
streams (Webster et al. 1983, Lowe et al. 1986).  Changing the dominant energy source in 
streams from allochthonous detritus to autochthonous production by algae can cause dramatic 
changes in benthic macroinvertebrate community structure (Gurtz and Wallace 1984, O’Hop et 
al. 1984, Wallace et al. 1988) and ecosystem metabolism (Young and Huryn 1999).  In addition 
to changes in organic matter and nutrient supplies, agriculture can result in higher sediment 
inputs to streams (Waters 1995).  Sediment in transport has direct, deleterious effects on many 
aquatic invertebrates (Wagener and LaPierre 1985, Culp et al. 1986, Doeg and Milledge 1991) 
and algae (Lloyd et al. 1987, Graham 1990).  Sedimentation in streams results in low habitat 
heterogeneity, unstable substrate, and generally poor physical conditions for benthic animals 
(Lemly 1982, Mackay and Waters 1986, McClelland and Bruvsen 1986, Richards and Bacon 
1994, Death and Winterbourn 1995), but some invertebrate populations, such as midge larvae 
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(Chironomidae) and segmented worms (Oligochaeta), flourish under the altered sediment 
conditions (Lenat et al. 1981, Lenat and Crawford 1994).  Sediment can also bury organic 
matter, thereby altering leaf material processing (Herbst 1980, Webster and Waide 1982, 
Rounick and Winterbourn 1983) and potentially creating anoxic conditions in the streambed.  
While agricultural streams experience higher light and nutrient inputs with the potential to 
support primary production, sediment in suspension can limit light availability to reduce primary 
production rates (Wiley et al. 1990, Young and Huryn 1996).  Ultimately, altered organic matter 
supply and type, increased nutrient and sediment loads, and altered stream temperature regimes 
result in major changes in biological structure and ecosystem function in agricultural streams 
(Benfield et al. 1977, Lemly 1982, Richards and Host 1993, Allan et al. 1997, Harding et al. 
1998). 

A good deal of our present knowledge regarding stream responses to agricultural practice 
comes from long-term studies of logging in headwater catchments (e.g., Marks and Bormann 
1972, Webster et al. 1983, 1992).  Initially, logging changes organic matter source in streams 
from allochthonous detritus to algal production (Lowe et al. 1986), but these effects are short-
lived as reforestation rapidly eliminates light required for photosynthesis and returns detrital 
inputs to the stream (Marks and Bormann 1972, Bilby and Likens 1980, Webster et al. 1983, 
Likens 1984).  Despite other long-lasting influences of logging in Appalachian streams (Webster 
et al. 1992, Swank and Vose 1997), benthic macroinvertebrate community structure recovers 
from logging within 20 years (Haefner and Wallace 1981, Stone and Wallace 1998).  In contrast 
to logged catchments, agricultural land does not reforest immediately after forest clearing 
because the land is used for pastures or row crops.  Therefore, agriculture presents more of a 
“press” disturbance (sensu Bender et al. 1984) to the landscape and streams draining agricultural 
catchments.  Furthermore, reforestation occurring in agricultural areas is spatially patchy as a 
result of individual land ownership and variable in species composition (Foster 1992).  The 
duration and extent of agriculture affects the rate of forest succession and species interactions 
during forest recovery (Pickett et al. 1987, Myster and Pickett 1994, Honnay et al. 1999).  Forest 
recovery may require decades after logging or agriculture, but reforestation of entire catchments 
from agriculture likely requires more time due to spatial heterogeneity of reforestation within 
catchments and cumulative damage to soils during agricultural use (Stover and Marks 1998).  
Perhaps because of delays in forest recovery, macroinvertebrate assemblages in streams with 
reforested watersheds that were previously agricultural (~50 yrs. ago) were more similar to 
agricultural streams than to forested streams without agricultural history (Harding et al. 1998). 

In the southern Appalachian Mountains of eastern United States, agriculture has been 
influencing streams for centuries.  Prior to 1700, aboriginal settlements in river valleys 
throughout the region included bottomland farms (Bartram 1791, Yarnell 1998).  Settlement of 
the southern Appalachians by Europeans did not occur until the late 18th century, when many 
families escaped indentured servitude in coastal cities by claiming land in the largely vacant 
Appalachian Mountains (Gray 1941).  Agricultural practices of these early settlers were crude 
and focused on small fields because it was quite difficult to clear fields (Ayers and Ashe 1905).  
Farmers were forced to rotate their fields frequently due to poor soils (Cathey 1956).  
Subsistence farming was the rule for both native and early European settlers in the southern 
Appalachians until the late 19th century (Cathey 1956, Eller 1982, Otto 1983).  At that time, the 
timber industry harvested vast expanses of hardwood forests in the southern Appalachians 
(Ayers and Ashe 1905, Otto 1983).  By the mid-1930s, most of the primeval forests of the 
southern Appalachians was removed by harvest or killed by chestnut blight (Clark 1984).  Land 
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acquisition by logging and mining companies forced mountain farmers onto smaller plots of 
land, and the Great Depression forced many former miners and mill workers to begin farming 
their land (Eller 1982).  This led to a dramatic increase in agricultural activity on marginal land 
around 1930 and eventual failure of many farms because of soil losses and nutrient depletion 
(Otto 1983).  In addition, the U.S. government purchased a large amount of land, which had 
formerly been used for forest grazing of cows and pigs and row-crop agriculture, and converted 
the land to national forests and parks as part of the New Deal after the Great Depression (Yarnell 
1998).  By protecting land throughout the region, the U.S. government markedly decreased 
agricultural activities across the southern Appalachians (Eller 1982, Otto 1983). 

Access to the southern Appalachians continued to develop as the U.S. added 
infrastructure to a previously inaccessible region (Otto 1983).  World War II marked a turning 
point in agricultural development in the southern Appalachians because many young men 
entered the Armed Services.  Following the War, thousands of veterans with newly acquired 
mechanical skills and worldliness emigrated from the southern Appalachians with their families 
to the booming industrial cities of the Midwest (Gade and Stillwell 1986).  This exodus left 
many southern Appalachian farms, mostly small family operations, short-handed, and many 
families began to reduce their tillage (Otto 1983).  Since 1950, a great deal of fallow agricultural 
land has been reforesting (Clark 1984).  Agriculture is still a prominent feature of the landscape, 
but the extent of agriculture has decreased up to 30% in many counties since 1950 (Wear and 
Bolstad 1998) and is mainly confined to larger valleys (Otto 1983).  Currently, the southern 
Appalachians are experiencing widespread reforestation from historical agriculture along with 
suburbanization and development of summer vacation homes (Wear and Bolstad 1998). 

The history of human impact across the southern Appalachians presents ecologists with a 
unique opportunity to study ecosystems recovering from centuries of disturbance.  Studies of 
broad-scale disturbances that affect streams often deal with the continuing effects of a single, 
often catastrophic, short-term event (e.g., logging, fire, flood).  As discrete events, these 
disturbances may be large in a spatial context but temporally short-lived, but despite their 
brevity, they may have the potential to alter stream structure and function.  In contrast, recovery 
from a disturbance that combines large spatial and temporal scales may be substantially different 
from recovery following disturbances with smaller spatial extent and considerably shorter time 
spans.  My study explores the recovery of stream ecosystems from agriculture by measuring 
structural (i.e., physical, chemical, and biological) and functional (i.e., ecosystem processes) 
properties in streams draining catchments that have reforested over time following historical 
agriculture.  The research addresses several questions: 

1) How are in-stream physical and chemical conditions affected by agriculture? 

2) What influence do changing in-stream conditions have on biological structure and 
ecosystem function in agricultural streams? 

3) Which agricultural influences and alterations persist despite recovery of terrestrial 
forests? 

4) Do these persistent alterations cause changes in present-day community structure and 
ecosystem processes of streams? 

These questions were addressed by studying structural and functional aspects of streams with 
different current and historical agricultural use.  I compared benthic macroinvertebrate 
community structure, ecosystem metabolism (primary production and respiration), organic 
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matter breakdown, and microbial biofilm activity among streams with different amounts of 
agriculture and with extensive reforestation of agriculture in their watersheds.  This dissertation 
is composed of 3 main chapters, an introduction, and a synthesis.  General information about the 
study sites and benthic macroinvertebrate densities from each study sites are given in Appendix 
A and B, respectively. 
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CHAPTER 2 
 
The influence of historical and current agriculture on 
macroinvertebrate assemblages in southern Appalachian streams 
 
 

Abstract 
 

Agriculture has affected stream ecosystems in the southern Appalachians for centuries.  
Recent socioeconomic changes in the region have resulted in numerous abandoned farms, 
resulting in reforestation of large tracts of historically agricultural land.  I created a watershed 
database of forest cover in 1950 and 1993 for 4 counties in western North Carolina and 
southwestern Virginia.  I used this database to place streams into categories representing a 
gradient of agriculture (no change over time) and into categories showing reforestation from 
historical agriculture.  I compared physico-chemistry and benthic macroinvertebrate community 
structure among streams with different agricultural intensity and history.  Agricultural and 
reforested streams had higher dissolved inorganic nitrogen, higher suspended solids, and smaller 
substrate particle size than forested streams.  Agricultural streams also had more degree-days and 
chlorophyll a standing crop than forested streams, but these variables were not different between 
reforested and forested streams.  Macroinvertebrate density and diversity were not significantly 
different among stream types, but functional feeding group composition and pollution tolerance 
metrics showed influences of current agriculture on macroinvertebrate assemblages.  Gatherers 
made up a significantly larger proportion of invertebrates in currently agricultural streams than in 
both forested and reforested streams, while shredders showed the opposite pattern.  The ratio of 
scrapers to shredders was significantly lower in forested streams regardless of land-use history 
suggesting that detritus returns to importance rapidly during reforestation from agriculture.  
Agricultural streams had macroinvertebrate communities comprised mostly of pollution tolerant 
taxa with fewer sensitive representatives in the community.  However, reforested streams had 
macroinvertebrate communities similar to forested streams with no agricultural history.  I related 
macroinvertebrate metrics to forest cover at different spatial scales and physico-chemistry to 
explore potential mechanisms controlling long-term influences of agriculture on stream recovery.  
Most macroinvertebrate metrics were most strongly correlated with current riparian forest cover, 
chlorophyll concentration, and degree-days.  Therefore, despite long-term influences of 
agriculture on water chemistry, seston, and in-stream habitat, macroinvertebrate communities in 
the present study appeared to reflect current forest cover and are related to organic matter supply 
and type. 
 
Keywords: land-use, disturbance, recovery, GIS, diversity, functional feeding groups, pollution-
tolerance, spatial scale 
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Introduction 
 

Resistance and resilience describe mechanisms of stability that enable ecosystems to 
maintain their structure and function in the context of a given disturbance regime (Webster et al. 
1983).  However, some disturbances affect conditions at very broad scales thereby altering 
multiple ecosystems.  Connections between different ecosystems are often critical determinants 
of structure and function of ecosystems.  For example, stream ecosystems are intimately linked 
to the surrounding landscape through hydrology, organic matter inputs, and geology (Hynes 
1975).  Disturbances that affect terrestrial ecosystems likewise affect stream ecosystems, and 
streams will remain affected until terrestrial ecosystems recover and in-stream conditions 
stabilize (Niemi et al. 1990, Golladay et al. 1992, Webster et al. 1992, Valett et al. 2002). 

For a given ecosystem, disturbance regimes vary in terms of the frequency, intensity, 
extent, and duration of disturbance (Pickett and White 1985).  Given similar disturbance extent, 
ecosystems are likely to be more resilient to short-duration (PULSE) than to long-duration 
disturbances (PRESS; sensu Bender et al. 1984).  Recovery of stream ecosystems from pulse 
disturbances, such as floods or toxic chemical spills, is related to colonization of streams and is 
subsequently fairly rapid (e.g., Whiles and Wallace 1995).  However, recovery of streams from 
press disturbances, such as logging or mining that substantially alter in-stream habitat, may 
require long periods for the system to return to original conditions (Niemi et al. 1990). 

Clearing forested land is a dramatic disturbance to watersheds and has major influences 
on stream ecosystems.  Streams in logged watersheds require several decades to centuries to 
recover from a relatively short-duration disturbance (Webster et al. 1992).  Properties of streams 
related to forest cover, such as organic matter supply, shading, temperature, and gross primary 
production, recover rapidly following logging (Webster et al. 1983, Swift 1988).  Other 
properties, such as nutrient concentrations (Swank and Vose 1997), sediment composition 
(Brown and Krygier 1971, Davies and Nelson 1993), and organic matter quality (Stout et al. 
1993) remain influenced by logging for longer periods of time.  For the most part, however, 
responses are rapid.  In contrast, converting land to support agriculture may cause prolonged 
alterations to the stream, even after the land is allowed to reforest.  Nutrient supply to watersheds 
is dramatically enhanced during agricultural periods (e.g., Karr and Schlosser 1978) and likely 
requires major sequestration by aggrading forests to reduce supply to streams.  Stream channel 
morphology is dramatically altered by agriculture (Wark and Keller 1963) and may require 
geologic time frames to recover.  Sediments that enter agriculture headwater streams might 
require several major floods to reach a large river due to suspension and deposition at different 
points in the stream network (Trimble 1999). 

Conversion of forested land to agriculture can also have significant influences on stream 
macroinvertebrate communities.  Removal of streamside vegetation increases light to streams 
and removes allochthonous organic matter supply resulting in dramatically different carbon 
sources to the stream (Webster et al. 1992, Sweeney 1993).  Organisms that feed on in-stream 
primary production may benefit from land clearing (Woodall and Wallace 1972), while many 
detritivores cannot survive without the annual pulse of organic matter provided by autumnal leaf 
fall in deciduous catchments (Wallace et al. 1997).  In addition, agriculture increases sediment 
loads (Waters 1995), nutrient loads (Karr and Schlosser 1978), and summer temperatures 
(Rutherford et al. 1997) in streams resulting in degradation of habitat and water quality for many 
aquatic organisms.  Many benthic macroinvertebrates require clean substrate and low 
temperatures (i.e., high oxygen) to complete their life cycles (Merritt and Cummins 1996).  
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Properties of macroinvertebrate and fish assemblages of streams have been linked to historical 
agriculture in the southern Appalachians (Harding et al. 1998), but the physical and chemical 
factors linking agricultural history to current stream diversity are unknown. 

In the southern Appalachian Mountains, agriculture has been a major land use 
influencing streams for centuries.  Native American settlements throughout the region included 
bottomland farms (Bartram 1791, Yarnell 1998).  European settlement of the region occurred in 
the late 18th century, and the influx of people resulted in use of mountainous land for farming 
(Ayers and Ashe 1905, Gray 1941, Cathey 1956).  Native and early European settlers survived in 
the southern Appalachins by subsistence farming until the late 19th century (Cathey 1956, Eller 
1982) at which time the timber industry began harvesting trees from the region (Ayers and Ashe 
1905, Otto 1983).  By the mid-1930s, most of the primeval forests of the southern Appalachians 
were either harvested or killed by chestnut blight (Clark 1984).  Many mining and timbering 
operations were closed during the Great Depression, which forced many former miners and mill 
workers to begin farming their land (Eller 1982).  This led to a dramatic increase in agricultural 
activity on marginal land, which eventually led to failure of many farms because of soil losses 
and nutrient depletion (Otto 1983).  In addition, the U.S. government purchased large amounts of 
agricultural land and converted the land to national forests and parks as part of the New Deal 
after the Great Depression (Yarnell 1998).  Following World War II, thousands of veterans with 
newly acquired mechanical skills emigrated from the southern Appalachians with their families 
to industrial cities of the Midwest (Gade and Stillwell 1986), which left many farms in the 
southern Appalachians without labor (Otto 1983).  Since 1950, large tracts of fallow agricultural 
land have been reforesting (Clark 1984).  Agriculture is still a prominent feature of the 
landscape, but the extent of agriculture has decreased up to 30% in some areas since 1950 (Wear 
and Bolstad 1998) and is mainly confined to larger valleys (Otto 1983). 

The pattern of forest cover through time in the southern Appalachians has created a 
natural experiment to test the stability of streams in this region to agricultural disturbance.  
Specifically, streams located within catchments of protected forest, varying agricultural intensity, 
and extensive reforestation of historically agricultural land were studied to determine the 
influence of current agriculture on streams and the nature of recovery from historical agriculture.  
The study objective was to determine how land use (i.e., agricultural land conversion and use) 
and catchment recovery (i.e., reforestation) influence benthic community structure in streams.  
Multiple streams were selected using specific criteria to establish a gradient in agricultural land 
cover among study sites.  Further, temporal comparison of land cover was used to identify 
streams draining catchments that have variably reforested since 1950.  Several metrics 
representing macroinvertebrate abundance, diversity, composition, trophic structure, and 
pollution tolerance were compared among streams.  Similar values for metrics in reforested and 
currently agricultural streams were interpreted to illustrate a legacy of agricultural influence and 
no recovery for this metric.  On the other hand, similarities between reforested streams and long-
term forested streams were interpreted as providing evidence of benthic macroinvertebrate 
recovery.  In addition, I measured physical and chemical conditions in each stream to assess 
recovery of factors potentially affecting macroinvertebrate community structure. 
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Methods 
 
Study sites 
 
 Study streams (2nd and 3rd order) were located in the southern Appalachian Mountains of 
western North Carolina and southwestern Virginia, USA (Figure 1).  Headwater streams in the 
Blue Ridge physiographic province of the southern Appalachians are typically slightly acidic and 
have low conductivity and dissolved ion concentration reflecting granitic and micaceous parent 
lithology (Simmons and Heath 1979).  Forests in the region are maturing second-growth (logged 
~ 75-100 years ago) and are dominated by oak (Quercus spp.), yellow poplar (Liriodendron 
tulipifera), red maple (Acer rubrum), and white pine (Pinus strobus) with an understory of 
Rhododendron, mountain laurel (Kalmia latifolia), and dogwood (Cornus florida).  Agricultural 
activity across the region is mainly cattle pasture with isolated row crop (primarily tobacco and 
corn).  Agriculture occurs primarily in bottomland along streams, but many farmers have upland 
pastures.  Riparian zones along agricultural streams frequently lack woody vegetation entirely or 
are vegetated with a narrow strip of trees, particularly black walnut (Juglans nigra), river 
sycamore (Platanus occidentalis), black locust (Robinia pseudoacacia), red maple, and oak 
(Neatrour et al. 2004). 
 
 
Site selection and categorization 
 

A total of 30 streams from select regions of the southern Appalachians of North Carolina 
and Virginia were used following a specific site selection procedure.  I created a database of past 
land cover (% forest in 1950) and more recent land cover (1993) for watersheds in the southern 
Appalachians using a geographic information system (GIS).  Land cover data and watershed 
boundaries were obtained from Coweeta Hydrologic Laboratory for 4 counties: Grayson County, 
Virginia; Buncombe, Macon, and Madison Counties, North Carolina.  Land cover plots of 100 m 
width delineated riparian corridors for streams in each watershed with stream vectors centered in 
the plot (i.e., 50 m to each side of the stream) for the entire stream length.  Forest cover was 
determined for each watershed and associated riparian corridor by overlaying these spatial zones 
on a land cover map from each year and quantifying % forest cover. 

Site eligibility was restricted to watersheds with areas between 500 and 3000 ha and 
stream outlet elevations between 600 and 1000 m to help standardize for confounding factors 
(Resh et al. 1988).  I categorized these 500 watersheds into 6 groups based on the historical and 
current amount of forest in their watersheds.  Four categories were chosen to represent a gradient 
of extant agriculture with no change over time (FOR >98 % forest; AG-L 90-95 % forest; AG-M 
70-80 % forest; AG-H < 60 % forest).  Two categories were used to represent different stages of 
watershed recovery from agriculture by reforestation (REC-1 < 60 % forest in 1950 to > 80 % 
forest in 1993; REC-2 < 75 % forest in 1950 to > 90 % forest in 1993).  Streams of the REC-1 
category have undergone considerable reforestation (> 20 %) over the past 50 years, but they 
have less current forest cover than REC-2 streams.  Forest cover in riparian corridors was used to 
verify category assignment, and streams with riparian forest cover that was dramatically different 
than watershed category designations were not considered for our study.  Each category initially 
included 5 study streams based on site access, landowner cooperation, and on-site validation of 
category assignment. 
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Final catchment characterization was calculated for portions of the watershed up gradient 
of the specified study site for each stream.  These spatial zones were whole watershed, 100-m 
riparian corridor, and 100-m riparian corridors 1 and 2 km upstream of each sampling site.  I 
used forest cover data in 1950 and 1993 at all spatial scales from these 30 sites to confirm 
assignments of streams to forest cover categories using principle component analysis.  Principle 
component analysis was able to separate sites into groups, which conformed to our land cover 
categories (Figure 2).  The first principle component explained 92.1 % of the variance and was 
most significantly correlated with % forest in whole watersheds and riparian corridors (Table 1).  
The second principle component contained less information (4.8 % variance) and was correlated 
most strongly with % forest at sub-corridor spatial scales (Table 1).  Therefore, % forest at broad 
spatial scales primarily separated sites in land cover space.  Based on the distribution of sites in 
land cover space, it appeared that spatial restriction of land cover analysis to areas upstream of 
my study sites resulted in 2 sites having incorrect categories.  I changed the categories of one 
REC-1 site to AG-M and one AG-M site to AG-H.  This re-categorization resulted in an 
unbalanced design (REC-1, n = 4 and AG-H, n = 6).  Figure 1 shows the appropriate categories 
for each site based on principle component analysis. 

 
 

Physical and chemical measurements 
 
 Stream monitoring included measuring physical and chemical characteristics at the study 
sites on a bi-monthly basis from November 2000 to August 2001 during baseflow conditions.  I 
estimated discharge from velocity measured with an electronic flow meter (Marsh-McBirney 
Flo-Mate, Marsh-McBirney, Incorporated, Frederick, Maryland) and cross-sectional area of the 
stream channel.  Temperature was monitored continuously at 6-hour intervals throughout the 
study period using data loggers (HOBO Temp, Onset Corporation, Bourne, Massachusetts).  For 
each site and data, I collected samples to characterize suspended sediment, dissolved nutrients, 
and epilithic chlorophyll.  Triplicate 1-L water samples for determination of suspended solids 
were filtered through pre-ashed and weighed glass fiber filters (Gelman Type AE, 1-µm nominal 
pore size).  Filters were dried to constant weight, weighed, and ashed (550ºC for 1 hour) to 
quantify organic (combustible) and inorganic (ash) suspended material.  Three other samples 
were collected, filtered in the field using pre-soaked membrane filters (Whatman nylon, 0.45-µm 
pore size), and frozen before analysis.  Samples were analyzed for nitrate-nitrogen (NO3-N) and 
ortho-phosphate (PO4-P) using a Dionex DX500 Ion Chromatograph (Dionex Corporation, 
Sunnydale, California) and ammonium-nitrogen (NH4-N) using the OPA fluorometric method 
(Holmes et al. 1999).  Total dissolved inorganic nitrogen (DIN) was determined as the sum of 
NO3-N and NH4-N.  Specific conductance was measured bi-monthly using a field probe (YSI 
Model 30/50 conductivity meter).  Alkalinity was measured once at the beginning of the study 
using acid titration (APHA 1998).  Chlorophyll a (chl-a) at each site was determined for 5 
randomly selected rocks during April, June, and August.  Algae were scrubbed from rocks and 
collected onto filters.  Chlorophyll was analyzed following extraction in basic acetone (Steinman 
and Lamberti 1996) with a Shimadzu UV-VIS model 1601 spectrophotometer (Shimadzu 
Corporation, Kyoto, Japan).  During July 2001, size-frequency analysis of streambed substrate 
was carried out at each site.  Streambed particles (n = 100) from a 100-m study reach were 
randomly selected and passed through a USGS gravelometer with 0.5 Φ-size holes (Wolman 
1954).  From these data, mean particle size was determined for each stream reach by calculating 
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average Φ-size and converting to mm (Gordon et al. 1992).  Substrate composition in each reach 
was then represented by the percent of selected particles ≤ 1 mm (% fines) and the ratio of 
cobbles:fines (particles ≥ 64 mm / particles ≤ 1 mm).  A visual habitat assessment of each study 
reach employed the Rapid Habitat Assessment Protocol (RHAP, Barbour et al. 1999).  RHAP 
scores were determined using combined values of several physical properties of the stream 
channel, stream banks, and riparian vegetation.  Physical variables measured once (watershed 
area, degree-days, sediment composition) were compared among forest cover categories using 
one-way ANOVA and sequential Bonferroni pair-wise comparisons.  Variables measured 
repeatedly were compared among forest cover categories using one-way repeated measures 
ANOVA and sequential Bonferroni pair-wise comparisons.  Variables not meeting assumptions 
of normality or homogeneity of variance were compared using ANOVA on Ranks with Dunn’s 
pair-wise comparisons.  All statistical analyses were performed in SAS version 8.0 (SAS 
Institute, Cary, NC). 
 
 
Macroinvertebrates 
 

In April 2001, I collected 5 benthic macroinvertebrate samples from each site using a 
quantitative kick-net procedure.  For each sample, I disturbed the substrate inside a metal frame 
placed on the stream bottom (0.34 x 1.0 m) to a depth of 10 cm for 90 sec by vigorous kicking 
followed by 30 sec of hand-rubbing all large substrate to dislodge clinging invertebrates.  All 
material dislodged from the sampling area was collected in a wide-frame net (0.4 m wide, 353-
µm mesh) at the downstream end of the sampling unit, transferred to Whirl-pak bags, and 
preserved with formalin (5% final concentration).  After several days in formalin, samples were 
rinsed using a 250-µm sieve, and then contents were stored in 80% ethanol. 

Prior to sorting, samples were rinsed and large debris was removed and discarded.  In 
some cases, subsampling was used if it was estimated based on the amount of debris remaining 
in the sample that sorting would require more than 3 hours.  If subsampling was deemed 
necessary, I poured the entire sample into a gridded tray (9 x 12 in.) with 12 squares and 
randomly selected squares (minimum of 3).  I removed material from selected squares with a 
spatula and checked to ensure that all macroinvertebrates were removed from each square.  
Subsamples ranged from 3/12 to 8/12 of my original samples.  Macroinvertebrates were sorted 
under 40x magnification and placed in 80% ethanol for storage prior to identification.  I 
identified and counted macroinvertebrates to the lowest practical taxonomic level (genus for 
insects, order for mollusks and crustaceans, class for segmented worms, and phylum for other 
invertebrates).  Chironomids from each sample were subsampled, cleared in 10% KOH, mounted 
in CMC media (Master’s Company, Inc., Des Plaines, Illinois), and identified to genus using 
regional keys (Epler 2001).  Macroinvertebrate densities were corrected for sampling area and 
subsampling (when appropriate) after identification and enumeration. 

For each site, I pooled subsample-corrected abundance data from all 5 benthic samples to 
obtain one set of macroinvertebrate data per stream.  I then calculated total density, total taxa 
richness, Simpson’s diversity (1/D), Shannon diversity (H’), and Shannon evenness (H’/Hmax).  
I also calculated percent of invertebrates in functional feeding groups (FFG, sensu Merritt and 
Cummins 1996) and calculated the ratio of scrapers to shredders as an index of the relative 
importance of autochthonous and allochthonous organic matter.  Several calculated metrics 
related to sensitivity of macroinvertebrates to disturbance and pollution included EPT taxa 
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richness (number of Ephemeroptera, Plecoptera, and Trichoptera genera), % EPT, % 
Chironomidae + Oligochaeta, % 5 dominant taxa, and the North Carolina Biotic Index (NCBI, 
Lenat 1993), which uses taxon-specific tolerance values (ranging from 1-10) and relative density 
to assess the overall sensitivity of macroinvertebrate assemblages. 

In addition to calculated metrics, differences in macroinvertebrate community 
composition among sites were determined using several multivariate procedures in PCORD 
version 3.18 (MjM Software, Gleneden Beach, Oregon).  Non-metric multidimensional scaling 
(NMS) was used to distribute sites in taxonomic space from density of each macroinvertebrate 
taxon.  The NMS procedure used the Sorensen distance measure with 2 axes at 100 iterations 
from a random starting point.  NMS axis scores were then correlated with macroinvertebrate 
densities to determine which taxa were driving separation of streams in taxonomic space.  Two-
way indicator species analysis (TWINSPAN) was also performed to separate or group sites using 
distinct or shared macroinvertebrate taxa.  TWINSPAN settings were conservative (6 group 
maximum and 5 sites per group to divide) to avoid unrealistic separation of streams into different 
taxonomic groups.  Ecological properties of taxa (FFG, pollution-tolerance) separating sites in 
NMS and TWINSPAN were investigated. 
 Macroinvertebrate metrics were compared among forest cover categories using ANOVA 
and sequential Bonferroni pair-wise comparisons in SAS version 8.0.  Stepwise multiple linear 
regressions were used to explore relationships between forest cover (1950 and 1993 at different 
spatial scales) and biological variables.  In-stream physical and chemical variables were also 
used to explain variability in macroinvertebrate metrics using stepwise multiple linear 
regressions.  Multiple regression analyses were performed using SAS PROC REG, STEPWISE 
procedure with F to enter model = 4.0.  Macroinvertebrate densities and proportions were 
transformed prior to analysis using ln (x+1) and arcsine square root, respectively. 
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Results 
 
Forest cover 
 

Percent forest cover was higher in 1993 than in 1950 in all categories, and % forest was 
lower in riparian corridors 1 and 2 km upstream of sampling sites than at a whole-watershed 
scale (Table 2).  Forest cover in the riparian corridor 1 km of the heavily forested (FOR) sites 
was > 95% in both 1950 and 1993, but riparian forest cover was < 30% both in 1950 and 1993 
for AG-H sites.  Forest cover increased from 1950 to 1993 in watersheds and riparian zones of 
both classes of recovering catchments (REC-1 and REC-2).  By 1993, % forest in the 100-m 
wide riparian corridor of the recovering catchments was 85.4% in REC-1 sites and 94.6% in 
REC-2 sites, indicating that reforestation was not as extensive in riparian corridors of the first 
class of recovering sties (REC-1) compared to the second (REC-2).  REC-1 sites also had lower 
% forest cover (66.4%) than REC-2 sites (84.4%) within the riparian area 1 km upstream of the 
study sites in 1993.  In 1950, riparian forest cover 1 km upstream of REC-1 sites was only 29%, 
while REC-2 sites had 62.4% forest cover in the same zone, which suggests that REC-1 
catchments had more agricultural land cover than REC-2 sites historically. 
 
 
Physico-chemistry in forest cover categories 
 

Elevation among sites varied from 576 to 861 m and was not significantly different 
among categories (Table 3).  Watershed area varied from 320.5 to 2130.5 ha.  AG-L and AG-M 
watersheds were significantly (P < 0.05) larger than FOR and REC-2 watersheds.  Discharge was 
not significantly different among categories.  Mean discharge for each forest cover category was 
typically around 65 L / s but varied from 29 to 102 L / s among study sites.  Specific 
conductance varied from 11.9 to 98.4 µS / cm and was highest in AG-L streams.  Alkalinity 
varied from 4 to 21 mg CaCO3 / L among sites and was significantly lower in FOR streams 
compared with AG-M and AG-H streams. 

DIN varied from 21 to 1118 µg / L among sites and was significantly higher in AG-H 
streams than in FOR, AG-L, and REC-2 streams (Table 3).  DIN values for AG-M and REC-1 
streams fell between values for AG-H and REC-2 streams.  PO4-P varied from 3 µg / L to 25 µg / 
L among sites and did not differ significantly among categories.  Cumulative degree-days above 
0ºC from November 2000 to August 2001 varied from 2172 to 3218 among sites.  Degree-days 
were significantly higher in high agriculture (AG-H) and medium agriculture (AG-M) streams 
compared to long-term forested (FOR), low agriculture (AG-L), and mostly reforested (REC-2) 
streams.  Degree-days were significantly higher in slightly reforested (REC-1) streams than FOR 
streams, but the differences among REC-1 streams and other categories was not significant.  
Mean chl-a concentration varied from 2.60 mg/m2 in REC-2 streams to 9.14 mg/m2 in AG-H 
streams.  Chl-a was significantly lower in REC-2 streams than in AG-M, AG-H, and REC-1 
streams.  FOR and AG-L streams also had low mean chl-a, but these values were not 
significantly lower than other categories. 

Forested sites had lower total suspended solids (TSS) than all other sites, even those with 
extensive reforestation in their catchments (Figure 3A).  TSS varied from 4 mg/L in FOR 
streams to >10 mg/L in REC streams.  In addition, inorganic sediment comprised >50% of 
suspended particle composition in AG and REC streams (up to 72% in AG-M), while suspended 
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particles in FOR streams was mostly organic material (Figure 3B).  Mean substrate particle size 
ranged from ~ 60 mm (very coarse gravel) to ~ 25 mm (coarse gravel) and was significantly 
smaller in AG-M, AG-H, REC-1, and REC-2 streams than in FOR and AG-L streams (Figure 
4A).  % Fine substrate was significantly lower in FOR and AG-L streams than in AG-M, AG-H, 
REC-1, and REC-2 streams (Figure 4B).  FOR and AG-L streams also had higher amounts of 
cobble relative to fine substrates when compared with other categories (Figure 4C).  RHAP 
scores were highest at FOR sites and lowest at AG-M and AG-H sites with AG-L, REC-1, and 
REC-2 sites at intermediate values (Figure 4D). 
 
 
Macroinvertebrates 
 

Total density varied from 3000 to 5000 individuals/m2 but there was no significant 
difference among forest cover categories (Figure 5A).  Total species richness varied from 39 to 
81 among the 30 streams, but mean richness was similar among forest cover categories (~61 
taxa, Figure 5B).  Mean values of the Simpson index varied among categories from 9.55 in AG-
H to 16.43 in FOR (Figure 5C), but this difference was not statistically significant.  Shannon 
diversity (Figure 5D) and evenness (Figure 5E) were also lowest in AG-H streams and highest in 
FOR streams but were not significantly different among forest cover categories. 

Filterers comprised an average of 5.3 to 8.6% of invertebrates in REC-1 and AG-M 
categories, respectively (Figure 6A), and this percentage was not significantly different.  
Gatherers made up 45-65% of invertebrates collected from each stream, and the mean percentage 
of gatherers was significantly higher in AG-M and AG-H streams compared to FOR and AG-L 
streams (Figure 6B).  Predators comprised approximately 8-10% of the invertebrate assemblage 
at each site (Figure 6C), and this percentage did not vary with forest cover category.  Percent 
scrapers varied from 16.6% in AG-M sites to 28.7% in AG-L sites (Figure 6D), but this 
difference was not statistically significant.  The percentage of invertebrates categorized as 
shredders was highest in streams with forested catchments (10.0 " 1.8%, Figure 6E) and 
declined steadily among agricultural categories to a minimum of 1.2 " 0.4% in streams with high 
agriculture catchments.  Percent shredders were significantly lower (P < 0.05) in medium and 
high agriculture streams compared to forested and low agriculture streams (Figure 6E).  At the 
same time, % shredders in recovering streams were of similar value to forested and low 
agriculture streams (Figure 6E).  The ratio of scrapers to shredders, an index of autochthonous 
and allochthonous carbon supply, varied from 3.2 " 0.8 in FOR sites to 23.4 " 7.2 in AG-H sites 
(Figure 6F) and was significantly higher in medium and high agriculture streams, lower in 
forested streams, and intermediate in recovering and low agriculture streams (Figure 6F). 

EPT taxa richness ranged from 7 to 37 among sites, but was not significantly different 
among forest cover categories (Figure 7A).  Percent composition of invertebrates in EPT orders 
(mayflies, stoneflies, and caddisflies) varied from 56.7 " 2.1% in low agriculture streams to 19.2 
" 5.4% in high agriculture streams (Figure 7B) and was significantly higher in forested, low 
agriculture, and recovering streams than in medium and high agriculture streams.  In contrast, 
percentage of chironomids and oligocheates were significantly higher in medium and high 
agriculture (49.8 " 9.1% and 56.6 " 8.5%, respectively) compared to forested, low agriculture, 
and recovering (25.7 " 4.2%, 23.2 " 2.8%, 23.2 " 2.2%, respectively) streams (Figure 6C).  
Organisms from the 5 most dominant taxa made up 37-83% of the benthic macroinvertebrates 
among all streams, but this percentage did not differ significantly among forest cover categories 
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(Figure 6D).  NCBI scores were highest in streams with high agriculture and medium agriculture 
(5.29 " 0.44 and 4.89 " 0.60) catchments and were lower in forested and reforested sites, which 
all had scores between 2.8 and 4 (Figure 6E). 

Several benthic macroinvertebrate metrics (Simpson’s index, Shannon index, Shannon 
evenness, % gatherers, % scrapers, scrapers/shredders, EPT taxa, % EPT, % C+O, % 5 
dominant, and NCBI) were related to % forest in a 100-m riparian corridor in 1993 (Table 4).  
Macroinvertebrate density was negatively related to % forest at the watershed scale in 1993, and 
% shredders was most strongly related to % forest in the riparian corridor 2 km upstream of 
sampling sites in 1950.  Total richness was not significantly related to % forest cover in either 
year or at any spatial scale.  Most relationships showed higher diversity, higher % shredders, and 
more pollution-sensitive taxa with increasing forest cover and less agricultural influence. 

In addition to forest cover, stepwise multiple regression of benthic macroinvertebrate 
metrics and various physical, chemical, or biological variables, suggested some possible links 
between forest cover and macroinvertebrate metrics.  Chl-a was the single best predictor of 
several metrics, including total density, Shannon index, Shannon evenness, % gatherers, 
scrapers/shredders, and % 5 dominant (Table 5).  Other physical or chemical variables added 
predictive power to some regression models, including degree-days, % inorganic seston, % fine 
substrate, RHAP, TSS, and PO4-P. 

Non-metric multidimensional scaling (NMS) ordination separated sites according to 
macroinvertebrate density by taxon, and these taxonomic differences appeared to distinguish 
sites along a forest cover gradient corresponding roughly to forest cover categories.  Medium and 
high agriculture sites occupied taxonomic space with high axis 1 and axis 2 values, and long-
term forested sites generally had low scores for both axes (Figure 8).  Reforested sites (REC-1 
and REC-2) and low agriculture sites occupied intermediate positions on both axes.  High values 
on axis 1 were correlated with high density of Orthocladius, Oligochaeta, Nematoda, and 
Cryptochironomus, all taxa generally tolerant of poor water quality (Table 6).  Sites with high 
density of the stonefly genera Amphinemura, Sweltsa, and Tallaperla, and the mayfly genera 
Cinygmula and Epeorus had low axis 1 scores (Table 6).  Distribution of sites along axis 2 was 
correlated with density of many more taxa than axis 1.  In addition to the 4 taxa correlated with 
axis 1, axis 2 scores were positively correlated with density of Nigronia, Cheumatopsyche, 
Polypedilum, Chironomus, Psephenus, and Oecetis (Table 6).  Axis 2 scores were negatively 
correlated with density of Epeorus and Cinygmula (like axis 1) and the following taxa: 
Acentrella, Oulimnius, Diplectrona, Prosimulium, Dicranota, Drunella, Pteronarcys, Baetis, 
Cambarus, and Leuctra. 

Density of particular macroinvertebrates was used to separate and group sites based on 
pair-wise comparisons of assemblages in a two-way indicator species analysis (TWINSPAN).  
The first separation of sites was based on presence or absence of Tallaperla, Ophiogomphus, and 
Ancylidae (Figure 9).  These 3 taxa appeared to separate all forested, low agriculture, and 
reforested sites from medium and high agriculture sites (with one AG-L and one REC-1 site).  A 
variety of other genera further distinguished site groups taxonomically, but these divisions did 
not appear to follow forest cover categories. 
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Discussion 
 
Effects of agriculture on physical and chemical stream conditions 
 
 Streams showed elevated nutrients and temperature in response to historical and current 
agriculture.  Streams in different categories were not significantly different in elevation or 
discharge making land use the single factor likely to have caused these physical and chemical 
differences in streams.  Other studies have demonstrated elevated nutrients and temperature in 
agricultural streams (e.g., Karr and Schlosser 1978, Peterjohn and Correll 1984, Lowrance et al. 
1985).  Historical agriculture had a persistent effect on water chemistry but not on water 
temperature regime.  DIN concentrations in REC-2 streams were between values for streams 
with similar past (AG-M) or present (AG-L) amounts of agriculture, which suggests that nutrient 
concentrations might be declining in reforesting streams.  However, elevated nutrients in streams 
have been observed decades following logging in the southern Appalachians as a result of 
mineralization of nutrients from organic material in the catchment (Swank and Vose 1997).  
Forest development in historically agricultural watersheds was likely dense enough to shade 
streams resulting in lower stream temperatures than agricultural streams.  Swift (1983) showed 
that stream temperature recovers quickly (within 5 years) during reforestation from clear-cutting.  
However, reforestation on abandoned agriculture generally takes longer than reforestation from 
logging because soils are compacted by livestock or farm machinery (Myster and Pickett 1994).  
Fifty years appears to be enough time for streams to establish a pre-agriculture temperature 
regime as a result of reforestation. 
 Increased sediment load has been one of the most documented influences of agricultural 
land use on streams (Wark and Keller 1963, Waters 1995).  In the present study, baseflow 
suspended particle concentrations were 3X higher in agricultural streams and streams with 
agricultural histories than in forested streams.  These high TSS concentrations were coupled with 
higher % inorganic sediment content, which results in ~ 4X higher inorganic suspended load in 
agricultural streams than in forested streams. 

Natural resource managers seek to reduce suspended sediment load, but most studies 
indicate that TSS remain elevated following reforestation from logging or agricultural 
management.  For example, logging results in higher TSS transport and shifts composition from 
organic to inorganic (Webster et al. 1988), and these changes require decades to recover 
following reforestation (Swift 1988, Webster et al. 1992, Davies and Nelson 1993).  Ursic and 
Dendy (1965) found that reforested old fields had slightly lower sediment yield than cultivated 
cropland or pasture but that sediment yield from old fields was still higher than long-term 
woodlands.  Furthermore, implementation of best management practices on cropland in the 
Midwest U.S. has reduced alluvial deposition in streams but not suspended sediment load 
(Trimble 1999).  Suspended sediments could be arising either from exposed stream banks not 
stabilized by vegetation or from streambed sediments during high flows.  Despite the transition 
from agriculture to forest in many watersheds studied here, reforested streams continue to carry 
higher amounts of sediment than forested streams without historical agricultural use, most likely 
due to suspension of material from banks or the streambed. 

In addition to suspended particle concentration and composition, in-stream substrate was 
dramatically altered in agricultural streams.  Agricultural streams had smaller mean particle size, 
larger amounts of fine substrate, and lower ratios of cobble to fine substrate than forested 
streams.  Infiltration of fine sediment to substrate is one of the most common effects of logging 
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(e.g., Davies and Nelson 1993), agriculture (e.g., Richards et al. 1996), and urbanization (e.g., 
Sponseller et al. 2001).  These geomorphic changes seem to persist in streams after cessation of 
agriculture and subsequent reforestation, which is indicated by the similarity of substrate in 
reforested and agricultural streams in the present study.  Alteration in-stream habitat from 
historical land use activities (i.e., siltation) has been suggested as one of the longest lasting 
influences on stream ecosystems (Benfield 1995, Harding et al. 1998).  For example, streams 
with previously logged catchments retain sediment introduced during logging for decades, 
despite periods of suspension and deposition of this sediment (Brown and Krygier 1971) 
primarily associated with storms (Golladay et al. 1987).  Although maintenance of forested 
buffer strips along streams has been linked to reductions of soil loss (Peterjohn and Correll 1984, 
Robinson et al. 1996), sediment in streams from historical land use might continue to affect in-
stream habitat. 
 Chl-a concentration was dramatically higher in agricultural than forested streams, 
presumably resulting from higher nutrients and light.  High light intensity and nutrients are 
associated with algal productivity in agricultural streams (Reed et al. 1994, Corkum 1996), and 
nutrients have been strongly correlated with algal growth in the absence of light limitation (Lowe 
et al. 1986, Lohman et al. 1992, Mosisch et al. 2001).  In the current study, agricultural streams 
had ~3X the amount of chl-a as forested streams, but these higher chl-a values in agricultural 
streams (~ 9 mg/m2) were lower than chl-a in some forested streams of the southern 
Appalachians during the same times of year (e.g., 13.5 to 93.4 mg/m2 in Hill and Dinick 2002).  
Chl-a was lower in REC-1 and REC-2 streams than AG streams suggesting that reforestation 
may limit algal growth in historically agricultural streams despite elevated nutrient 
concentrations.  Stream shading recovers rapidly (within 5 years) following logging in the 
southern Appalachians and limits algal growth and primary production (Webster et al. 1983).  
Given the return of temperature and chl-a to amounts typical of forested streams, terrestrial 
vegetation appears to have recovered enough to provide shading to REC streams. 
 
 
Effects of agriculture on macroinvertebrates 
 
 Diversity (richness and calculated indices) of benthic macroinvertebrates was not 
significantly different among forest cover categories.  Many other studies found 
macroinvertebrate diversity to be similar among agricultural and forested streams (e.g., Reed et 
al. 1994, Quinn et al. 1997, Townsend et al. 1997, Harding et al. 1999).  At the same time, 
macroinvertebrate communities in these studies, and the present research, displayed 
compositional changes in response to land use.  I found that diversity indices were positively 
related to forest cover in riparian zones (Table 4), even though differences in mean values for 
these indices were not significant among forest cover categories.  In the present study, categories 
were determined using watershed-scale forest cover, but forest cover in riparian corridors was a 
stronger predictor of macroinvertebrate diversity and might have been a better spatial scale to use 
in categorizing streams based on forest cover.  Metrics that measured distribution of individuals 
among taxa (i.e., evenness) responded to forest cover more predictably than species richness.  
Stone and Wallace (1998) suggested that using multiple indices to assess long-term influences of 
logging on streams provides more information than is gained by considering only species 
richness.  I contend that the same is true when considering other agricultural influences. 
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 Some functional feeding groups differed among forest cover categories and displayed 
strong linear relationships with forest cover in the riparian corridor.  Percentage of shredders was 
much higher in forested streams compared to streams with current agricultural activity and 
varied from >10% of benthic macroinvertebrate abundance in forested streams to <1% in high 
agriculture streams.  The lower shredder abundance was likely caused by two factors: availability 
of coarse organic matter and water quality.  Shredder production and abundance have been 
linked to the availability of organic matter, as shown by studies of logged streams (Haefner and 
Wallace 1981, O’Hop et al. 1984, Stout et al. 1993, Stone and Wallace 1998) and of forested 
streams with reduced allochthonous organic matter supply (Wallace et al. 1997, Eggert and 
Wallace 2003, Johnson et al. 2003).  Agriculture, like logging, results in reductions in coarse 
organic matter supply to streams (Karr and Schlosser 1978), which likely leads to lower 
abundance of shredders in agricultural streams.  In addition, most shredder taxa in the southern 
Appalachians are sensitive to different forms of pollution including high temperatures, high 
sediment load, and chemicals (Morse et al. 1993).  Agricultural streams in this study had lower 
water quality than forested streams, which likely contributed to lower shredder abundance in 
agricultural streams than in forested streams. 

Percent shredder abundance was the only macroinvertebrate metric more strongly related 
to forest cover in 1950 than to forest cover in 1993 and to forest cover in the riparian zone 2 km 
upstream of the study sites instead of the entire riparian corridor or watershed.  Most of the 
coarse organic matter to support shredder populations in streams is derived from vegetation 
within 1 km upstream (Johnson and Covich 1997), so it is not surprising that shredders were 
most strongly related to forest cover at this spatial scale.  While riparian forest cover within 2 km 
upstream of the study site in 1950 was the strongest correlate with % shredders, forest cover in 
1993 at the same spatial scale was the second best predictor of % shredders (data not shown).  
Furthermore, shredder abundance was significantly higher in reforested streams than in 
agricultural streams suggesting that shredder abundance had recovered from historical 
agriculture.  In logged streams, shredder abundance and production return to pre-logging levels 
within 10 years (Haefner and Wallace 1981, O’Hop et al. 1984, Stout et al. 1993, Stone and 
Wallace 1998).  Although shredder abundance appears to have recovered from historical 
agriculture through reforestation, shredder assemblage composition was slightly different in 
reforested streams compared to forested streams.  Shredder assemblages in forested streams had 
higher numbers of Pteronarcys and Tallaperla than reforested sites, whose shredder assemblages 
were dominated by Leuctra, Brillia, and Stratiomyidae (Appendix B).  Considering biomass of 
these shredder taxa might provide further insight into the differences in the shredder assemblages 
among streams with catchments reforested from historical agriculture and those with long-term 
forested catchments. 

Other functional feeding groups did not respond to the gradient of forest cover 
represented by my study sites.  Filterers and predators were not significantly different among 
forest cover categories and were not related to forest cover at any spatial scale or year.  Filterers 
might be expected to increase in agricultural streams because of high organic loads from cattle, 
but it appears that in-stream habitat alteration negatively affected filterers in agricultural streams 
in the present study.  Scrapers, on the other hand, have been shown to increase as a result of 
forest clearing (Woodall and Wallace 1972) and to return to pre-logging abundances rapidly in 
southern Appalachian streams (Haefner and Wallace 1981, Stone and Wallace 1998).  It is 
reasonable to expect scrapers to be more abundant in agricultural streams due to higher primary 
production, as others have shown (Behmer and Hawkins 1986, Dudgeon and Chan 1992, Reed et 
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al. 1994).  In the current study, scraper abundance did not differ significantly among forest cover 
categories and was positively correlated with forest cover (i.e., high forest cover = high % 
scrapers).  However, pollution-tolerant gatherers (e.g., Chironomidae and Oligochaeta) 
dominated benthic macroinvertebrate communities in AG streams (>60%) resulting in lower 
proportional abundance of scrapers in AG streams.  Proportional abundance of gatherers was 
also negatively related to forest cover suggesting that AG streams supported large populations of 
gatherers relative to macroinvertebrates from other functional feeding groups.  In New Zealand, 
gatherer (browser) density and proportional abundance were higher in pastoral streams than in 
forested streams (Townsend et al. 1997), but other studies did not find consistent patterns of 
gatherer abundance with agricultural influence on streams (e.g., Reed et al. 1994). 

Although scraper abundance was not higher in agricultural streams, the ratio of scrapers 
to shredders, an index of the relative importance of primary production or allochthonous organic 
matter as food for macroinvertebrates (Stone and Wallace 1998), was significantly higher in 
agricultural streams than in forested and reforested streams.  In addition, scraper:shredder was 
negatively related to riparian forest cover in 1993 suggesting that benthic macroinvertebrates in 
streams with high forest cover rely on allochthonous detritus more than in-stream production for 
carbon.  Given the strong response of shredders to agriculture and reforestation, it seems that 
organic matter source has a dramatic influence on benthic macroinvertebrate communities in 
streams influenced by agriculture.  Cummins et al. (1981) found that ratios of shredders to 
collectors decreased and scrapers to collectors increased along a river continuum in response to 
changing organic matter supply from allochthonous leaf fall to primary production.  
Furthermore, Stone and Wallace (1998) used the ratio of shredders to scrapers to assess recovery 
of benthic macroinvertebrate communities from clear-cut logging and found that this index 
recovered to pre-logging levels within 5 years.  Results from the current study support the 
contention that macroinvertebrate metrics linked to organic matter source recovered quickly 
from changes caused by land clearing. 
 Pollution-tolerant organisms dominated benthic macroinvertebrate communities in 
agricultural streams, and these streams had lower densities of sensitive taxa compared to forested 
and reforested streams.  EPT richness has been shown to respond predictably to land use (Lenat 
and Crawford 1994, Wallace et al. 1996), but this metric did not differ among forest cover 
categories identified for this study and was only weakly related to forest cover.  Quinn et al. 
(1997) also found no difference in EPT richness but significantly higher EPT density in pasture 
than in forest streams in New Zealand.  While the present study did not detect differences in EPT 
richness or density, EPT insects made up a much greater proportion of the macroinvertebrate 
communities in forested streams (> 50%) than in agricultural streams (~ 20%).  Changing food 
resources from detritus to algae might have caused similarity in EPT richness in forested and 
agricultural streams because shredder-detritivore taxa (many Plecoptera and Trichoptera) might 
be replaced by scraper taxa (many Ephemeroptera and some Trichoptera) without affecting 
overall EPT richness.  EPT composition varied quite dramatically among forest cover categories, 
which may help explain the lack of differences in EPT richness and percent composition.  
Forested sites had much higher abundances of Pteronarcys, Tallaperla, Swetlsa, and 
Rhyacophila and lower abundances of Ephemerella and Drunella compared to other categories.  
Reforesting streams shared several EPT taxonomic patterns with forested streams including 
presence of Cinygmula, Amphinemura, and Diplectrona.  Agricultural streams had high 
abundances of Stenacron, Isoperla, Alloperla, Capniidae, Hydropsyche, Cheumatopsyche, and 
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Leucotrichia.  Agricultural and reforested streams shared the presence of Baetisca, which was 
not found in any of the forested streams. 

Low percentages of EPT were coupled with high proportions of chironomids and 
oligochaetes, two groups generally considered tolerant to pollution.  Organic enrichment from 
cattle or sewage effluent has been linked to high density of chironomids and oligochaetes 
(Townsend et al. 1983, Lenat 1984), and these taxa increased along the agricultural gradient 
represented by forest cover categories.  NCBI scores showed trends similar to % EPT and % 
chironomid + oligochaete in response to agriculture.  The NCBI was developed for streams in 
North Carolina, USA and has been used effectively to determine benthic macroinvertebrate 
community responses to insecticides (Wallace et al. 1996), logging (Stone and Wallace 1998), 
agriculture (Harding et al. 1998), and urbanization (Sponseller et al. 2001) in southern 
Appalachian streams.  The NCBI is based on tolerance values for each macroinvertebrate taxon 
(higher numbers indicate pollution tolerance) and relative abundance of each taxon, so 
macroinvertebrate communities with a large proportion of pollution-tolerant taxa receive higher 
NCBI scores than communities with pollution-sensitive taxa.  NCBI scores were higher in 
agricultural streams than in forested and reforested streams and were negatively correlated with 
riparian forest cover in 1993.  Based on % EPT, % Chironomidae + Oligochaeta, and NCBI 
scores, agricultural streams had higher relative abundances of pollution-tolerant organisms than 
forested and reforested streams.  Stone and Wallace (1998) found that NCBI values did not 
recover as rapidly as other invertebrate metrics in streams reforesting from logging and 
suggested that, as a result, the NCBI is a valuable tool for assessing subtle patterns of recovery 
from logging.  However, none of the tolerance-based invertebrate metrics, including the NCBI, 
calculated in the present study differed significantly among forested streams with agricultural 
histories and long-term forested streams. 

In their study, Harding et al. (1998) found that forested and agricultural streams were 
separated in an ordination based on macroinvertebrates.  However, they found that some 
reforested sites grouped with current agriculture sites instead of forested sites (Harding et al. 
1998).  In the present study, grouping sites based on macroinvertebrate composition using 
multivariate techniques supported the taxonomic similarities between long-term forested streams 
and reforested streams and the separation of sites by taxa sensitive to water quality.  In NMS and 
TWINSPAN, reforested sites grouped very close to forested or low agriculture sites, and high 
densities of pollution-sensitive taxa (e.g., Tallaperla, Epeorus, Cinygmula, Diplectrona, 
Pteronarcys, etc.) drove these groupings.  Furthermore, sites with extensive agriculture activity 
in their catchments (AG-M, AG-H) typically contained dense populations of pollution-tolerant 
organisms (e.g., chironomids, oligochaetes, nematodes) and facultative EPT taxa (e.g., 
Cheumatopsyche).  Interestingly, several taxa found in high density in forested and reforested 
streams belong to the shredder trophic group, while several taxa common to medium and high 
agriculture sites were collector-gatherers.  This observation supports functional-feeding group 
composition results previously discussed. 

Forest cover in the riparian zone had strong relationships with most macroinvertebrate 
metrics, which is similar to several studies that found strong relationships between riparian forest 
cover and macroinvertebrate or fish metrics (Roth et al. 1996, Allan et al. 1997).  However, some 
studies have found strong relationships between macroinvertebrate metrics and forest cover at 
either broader (i.e., whole watershed; Lenat and Crawford 1994, Harding et al. 1998) or finer 
(i.e., sub-corridor; Richards et al. 1997, Sponseller et al. 2001) spatial scales.  Despite the 
differences among these studies, processes at different spatial scales within watersheds likely 
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control mechanisms affecting stream biota as a result of land use.  Richards et al. (1996) showed 
that the physical and chemical factors that best predicted macroinvertebrate assemblages were 
influenced by land use at the broadest spatial scales (whole watershed and 100m riparian for the 
entire stream length).  Scott et al. (2002) found that land use at the watershed scale was the best 
predictor of physical and chemical variables in streams of the southern Appalachians.  In-stream 
habitat features have been accurately predicted using landscape features at a broad scale (Davies 
et al. 2000).  Nitrogen concentration and deposited sediment in streams have been linked to 
agriculture at the watershed scale, while phosphorus and suspended solids were positively related 
to land use at more local scales (Johnson et al. 1997). 

Because reforested streams had higher nutrient concentrations and altered sediment 
composition and transport than forested streams, I expected historical agriculture to have long-
term influences on macroinvertebrate community structure.  It appears though that regulation of 
organic matter source via riparian vegetation was more important than in-stream habitat or water 
chemistry in determining benthic macroinvertebrate community structure.  Most 
macroinvertebrate metrics were strongly related to chlorophyll concentrations and/or cumulative 
degree-days, both strongly linked to riparian forest cover (Sweeney 1993).  In the present study, 
sediment composition was assessed at a reach scale and therefore may be inappropriate for 
linking directly to macroinvertebrate data collected in riffles within reaches because the two 
measurements do not necessarily assess the same space.  However, microhabitat restoration by 
altering variability and heterogeneity of substrate particle sizes resulted in no net effect on 
macroinvertebrate community structure (Brooks et al. 2002).  Furthermore, recovery of streams 
from logging has been strongly linked to organic matter or “trophic status” as opposed to in-
stream sedimentation (Murphy et al. 1981).  These other studies support the conclusion that 
recovery of benthic macroinvertebrate community structure from agriculture relies on shading 
and organic matter supply more than in-stream physicochemistry. 

Current forest cover (i.e., 1993) was a more robust predictor of macroinvertebrate 
community structure than were historical patterns, and reforested streams supported 
macroinvertebrate communities very similar to long-term forested streams.  These results 
contrast with those of Harding et al. (1998) who found that historical forest cover was a stronger 
predictor of benthic macroinvertebrate community structure than current forest cover and 
suggested that present-day invertebrate diversity in streams results from historical land use.  Both 
spatial and temporal scales of agricultural influences on streams may tax the resilience of 
biological communities.  Degradation of ecosystems at regional scales might make recovery 
more difficult because multiple stresses cause synergistic influences on biodiversity and 
ecosystem function (Niemi et al. 1990, Rapport and Whitford 1999).  In addition, the pool of 
species available to colonize disturbed habitats following stress removal may be severely 
reduced or even absent in the event of broad-scale regional disturbances (Rapport et al. 1985, 
Palmer et al. 1997).  However, in the southern Appalachians, agricultural streams exist in a 
matrix of protected national forest land (Gade and Stillwell 1986), and degradation of aquatic 
habitats has not resulted in regional reductions of diversity (Wallace et al. 1992).  In particular, 
agricultural streams frequently have forested headwaters or share a watershed boundary with an 
adjacent forested stream (Otto 1983).  These nearby forested streams support macroinvertebrate 
and fish communities that can rapidly colonize streams by downstream and upstream movement 
or by over-land flight and oviposition (Williams and Hynes 1976, Gore and Milner 1990) but 
only when conditions are suitable for survival (Poff and Ward 1990).  Therefore, 
macroinvertebrate communities might be resilient to long-term agriculture once reforestation 
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occurs to reestablish organic matter and thermal conditions in streams.  This finding holds 
promise for watershed managers and restoration planners because it suggests that biodiversity of 
streams influenced by decades of agriculture may be restored to pre-agricultural levels if 
agriculture is replaced with forest across the landscape.  However, the present study considered 
relatively small streams (2nd-3rd order), which are not indicative of all southern Appalachian 
streams.  In particular, Harding et al. (1998) included several large streams (5th-6th order) in their 
study, and these large systems might require longer periods to recover from historical 
disturbance due to inertia and larger watersheds with complex land use patterns. 

Because of the dramatic changes to geomorphology and substrate in streams with 
disturbed catchments, models generally predict long recovery times for stream macroinvertebrate 
communities (Niemi et al. 1990), a suggestion initially supported by Harding et al. (1998).  
Given the PRESS (sensu Bender et al. 1984) nature of agriculture as a disturbance to streams, I 
expected recovery of biological components in these streams to take extremely long periods for 
several reasons: 1) stream recovery from watershed disturbance depends on recovery of 
terrestrial (allogenic) drivers like organic matter supply (Golladay et al. 1992); 2) in-stream 
substrate requires long periods to return to pre-disturbance conditions (Brown and Krygier 1971, 
Trimble 1999); and 3) stream nutrient concentrations remain high following disturbance even in 
reforested streams (Swank and Vose 1997).  While my results support the long-term presence of 
sediment and elevated nutrients in streams after reforestation of agricultural catchments, 
macroinvertebrate data were more strongly correlated with variables other than substrate and 
chemistry (i.e., chlorophyll and degree-days).  Chlorophyll concentration and temperature were 
similar among reforested and long-term forested streams indicating that over the course of 40 
years these variables had recovered from historical land use while substrate composition and 
water chemistry had not.  In this sense, some features of stream ecosystems may remain altered 
by historical agriculture practices, but these long-lasting changes are not evident in benthic 
macroinvertebrate community structure. 
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Table 1.  Results from Pearson product moment correlations between land cover at different 
scales and site scores for the first two principle component axes.  Lateral spatial scale is 
indicated by WS (whole watershed) or RIP (100-m riparian corridor).  Extent refers to 
longitudinal spatial scale.  Values shown are correlation coefficients (r, n = 30 streams) with 
strongest correlations in bold (P < 0.0001).  The first and second principle component axes 
explained 92.1% and 4.8% of the variance among sites, respectively. 
 

Spatial scale    
Lateral Extent Year PCA-1 PCA-2 

WS Whole catchment 1950 -0.952 0.282 

WS Whole catchment 1993 -0.932 -0.232 

RIP Whole stream 1950 -0.936 0.248 

RIP Whole stream 1993 -0.937 -0.257 

RIP 2 km corridor 1950 -0.907 -0.853 

RIP 2 km corridor 1993 -0.865 -0.794 

RIP 1 km corridor 1950 -0.776 -0.829 

RIP 1 km corridor 1993 -0.869 -0.780 
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Table 2. Historical and current forest cover (%) at different spatial scales for streams in each 
forest cover category.  Percent forest cover of sites in “extant” categories has remained constant 
since 1950, and sites in “recovering” categories are in different stages of reforestation.  Lateral 
spatial scale is indicated by WS (whole watershed) or RIP (100-m riparian corridor).  Extent 
refers to longitudinal spatial scale.  Values are means " 1 SE. 
 

Spatial scale  Extant Recovering 

Lateral Extent Year FOR AG-L AG-M AG-H REC-1 REC-2 

WS 
 

Whole catchment 
 

1950 
 

99.9 " 
0.1 

87.5 " 
3.0 

60.0 " 
6.3 

52.7 " 
6.5 

79.6 " 
5.2 

77.6 " 
7.8 

WS 
 

Whole catchment 
 

1993 
 

99.3 " 
0.3 

94.9 " 
1.9 

83.6 " 
2.8 

74.1 " 
4.8 

94.9 " 
1.0 

94.8 " 
1.1 

RIP 
 

Whole stream 
 

1950 
 

99.8 " 
0.2 

84.2 " 
3.1 

42.0 " 
8.0 

29.3 " 
3.8 

57.5 " 
8.4 

75.5 " 
6.9 

RIP 
 

Whole stream 
 

1993 
 

99.9 " 
0.1 

96.3 " 
0.9 

72.2 " 
5.2 

58.4 " 
2.3 

85.4 " 
3.0 

94.6 " 
2.0 

RIP 
 

2 km corridor 
 

1950 
 

99.7 " 
0.3 

74.6 " 
3.8 

13.7 " 
4.7 

11.3 " 
5.1 

40.4 " 
11.6 

71.7 " 
6.1 

RIP 
 

2 km corridor 
 

1993 
 

96.8 " 
1.2 

89.2 " 
3.0 

47.7 " 
5.2 

32.2 " 
6.6 

76.7 " 
4.9 

91.2 " 
1.4 

RIP 
 

1 km corridor 
 

1950 
 

99.1 " 
0.9 

58.6 " 
12.2 

12.6 " 
3.8 9.6 " 3.5 29.0 " 

11.7 
62.4 " 

6.3 

RIP 
 

1 km corridor 
 

1993 
 

96.6 " 
1.3 

78.1 " 
12.1 

43.8 " 
4.2 

25.5 " 
7.5 

66.4 " 
4.9 

84.4 " 
3.7 
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Table 3.  Physical and chemical characteristics of study sites by forest cover category.  Values 
are means with standard errors in parentheses.  Within a row, means with different superscripts 
are significantly different (P < 0.05).  Discharge, specific conductance, dissolved inorganic 
nitrogen (DIN), and phosphate-phosphorus (PO4-P) were measured semi-monthly at each site 
from November 2000 to August 2001. 
 
 Extant Recovering 

 FOR 
(n = 5) 

AG-L 
(n = 5) 

AG-M 
(n = 5) 

AG-H 
(n = 6) 

REC-1 
(n = 4) 

REC-2 
(n = 5) 

Elevation 
(m) 

767 
(25) 

710 
(44) 

641 
(32) 

676 
(24) 

754 
(45) 

776 
(37) 

Watershed area 1 
(ha) 

617.6 a 
(149.1) 

1403.2 bc 
(175.0) 

1842.5 c 
(92.0) 

1311.8 abc 
(247.4) 

667.0 ab 
(154.2) 

599.8 a 
(166.5) 

Discharge 
(L / s) 

70 
(4) 

92 
(4) 

64 
(8) 

62 
(10) 

67 
(9) 

63 
(6) 

Specific conductance 2 
(µS / cm) 

20.1 a 
(2.8) 

72.1 c 
(9.0) 

31.6 ab 
(4.8) 

38.0 ab 
(4.0) 

58.7 bc 
(10.9) 

52.9 bc 
(10.0) 

Alkalinity 3 
(mg CaCO3 / L) 

5.4 a 
(0.5) 

7.4 ab 
(1.3) 

13.0 b 
(1.5) 

13.7 b 
(2.4) 

11.5 ab 
(1.6) 

10.6 ab 
(1.1) 

DIN 2 
(µg / L) 

93 a 
(34) 

109 a 
(37) 

420 ab 
(127) 

643 b 
(111) 

287 ab 
(90) 

244 a 
(55) 

PO4-P 
(µg / L) 

4 
(1) 

8 
(4) 

11 
(4) 

8 
(2) 

11 
(3) 

9 
(2) 

Degree-days 1 2543 a 
(62) 

2600 ab 
(109) 

3013 c 
(88) 

3158 c 
(117) 

2844 bc 
(88) 

2546 ab 
(49) 

Chlorophyll a 2 
(mg / m2) 

3.41 ab 
(0.69) 

3.85 ab 
(0.67) 

8.11 b 
(2.07) 

9.14 b 
(1.53) 

6.48 b 
(1.76) 

2.60 a 
(0.30) 

 

1One-way ANOVA and sequential Bonferroni pair-wise comparisons, P < 0.05 
2Repeated-measures ANOVA and sequential Bonferroni pair-wise comparisons, P < 0.05 
3Differences based on ANOVA on Ranks and Dunn’s pair-wise comparisons, P < 0.05 
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Table 4.  Regression coefficients (r2) from the most significant regression (n = 30 streams, P < 
0.05) between macroinvertebrate metrics and historic (1950) or contemporary (1993) forest 
cover at each spatial scale (WS is whole watershed upstream and laterally; RIP is 50 m on both 
sides of the stream; 2km is 2 km upstream of sampling site; 1km is 1 km upstream of sampling 
site).  Slope indicates direction of relationship.  NS = not significant. 
 
Metric Forest cover variable r2 P Slope 

Total density WS-1993 0.207 0.012 - 

Richness NS -- --  

Simpson index (1/D) RIP-1993 0.451 < 0.001 + 

Shannon index (H’) RIP-1993 0.467 < 0.001 + 

Evenness (H’/Hmax) RIP-1993 0.544 < 0.001 + 

% Filterers NS -- --  

% Gatherers RIP-1993 0.583 < 0.001 - 

% Predators NS -- --  

% Scrapers RIP-1993 0.260 0.004 + 

% Shredders RIP-2km-1950 0.537 < 0.001 + 

Scrapers/Shredders RIP-1993 0.351 < 0.001 - 

EPT Taxa RIP-1993 0.195 0.014 + 

% EPT RIP-1993 0.720 < 0.001 + 

% C + O RIP-1993 0.645 < 0.001 - 

% 5 dominant RIP-1993 0.511 < 0.001 - 

NCBI RIP-1993 0.740 < 0.001 - 
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Table 5.  Results of stepwise multiple regressions between macroinvertebrate metrics and 
physical and chemical parameters measured at each site (n = 30 streams).  NS = not significant. 
 
Metric Independent variables Model r2 Model P 

Total density Chlorophyll a 0.175 0.021 

Richness NS -- -- 

Simpson index (1/D) 
 

Chlorophyll a, % 
inorganic seston 0.370 0.002 

Shannon index (H’) Chlorophyll a 0.323 0.001 

Evenness (H’/Hmax) Chlorophyll a 0.417 < 0.001 

% Filterers 
 

% fine substrate, % 
inorganic seston 0.270 0.014 

% Gatherers Chlorophyll a 0.421 < 0.001 

% Predators % inorganic seston 0.138 0.044 

% Scrapers Degree days 0.169 0.024 

% Shredders 
 

Degree days, RHAP, % 
fines 0.628 < 0.001 

Scrapers/Shredders Chlorophyll a 0.338 < 0.001 

EPT Taxa NS --- --- 

% EPT 
 

Chlorophyll a, Degree 
days, PO4-P 0.729 < 0.001 

% C + O 
 

Chlorophyll a, Degree 
days, TSS 0.681 < 0.001 

% 5 dominant Chlorophyll a 0.336 <0.001 

NCBI 
 

Chlorophyll a, Degree 
days, TSS 0.720 < 0.001 
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Table 6.  Macroinvertebrate taxa strongly (r ≥ 0.4 or ≤ -0.4, n = 30 streams) correlated with axis 
scores from non-metric multidimensional scaling ordination.  Taxa are listed in descending order 
of correlation strength with positively correlated taxa at the top of the table.  Taxa listed in bold 
are strongly correlated with both NMS axes. 
 

Correlates with axis 1 Correlates with axis 2 

Taxon r Taxon r 

Orthocladius 0.703 Orthocladius 0.645 

Oligochaeta 0.563 Oligochaeta 0.555 

Nematoda 0.454 Nigronia 0.522 

Cryptochironomus 0.414 Cheumatopsyche 0.511 

  Cryptochironomus 0.492 

  Polypedilum 0.491 

  Nematoda 0.478 

  Chironomus 0.465 

  Psephenus 0.409 

  Oecetis 0.406 

Amphinemura -0.609 Epeorus -0.665 

Cinygmula -0.575 Acentrella -0.585 

Epeorus -0.465 Oulimnius -0.575 

Sweltsa -0.424 Diplectrona -0.560 

Tallaperla -0.405 Prosimulium -0.507 

  Dicranota -0.456 

  Drunella -0.447 

  Pteronarcys -0.444 

  Baetis -0.430 

  Cambarus -0.416 

  Cinygmula -0.403 

  Leuctra -0.400 
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Figure Captions 
 

Figure 1.  Map showing study sites in relation to the area of the southern Appalachian portion of 
the Blue Ridge physiographic province (inset, gray ellipse).  Study sites are categorized 
according to historical and current forest cover at different spatial scales (● FOR, ■ AG-L, ○ 
AG-M, ∆ AG-H, □ REC-1, ▲ REC-2). 
 
Figure 2.  Principle component ordination of sites using historical (1950) and current (1993) land 
cover (% forest) within several spatial scales (whole watershed, 100-m riparian zone, 100-m 
riparian zone 1 and 2 km upstream of sampling site).  These first two principle components 
explained 96.9% of the total variance in forest cover among sites (92.1% by axis 1, 4.8% by axis 
2).  Symbols that are circled indicate sites that were originally in different categories (open circle 
was originally categorized as REC-1 but was changed to AG-M; open triangle was originally 
categorized as AG-M but was changed to AG-H). 
 
Figure 3.  Total suspended solids (A) and % inorganic seston (B) based on bimonthly grab 
samples taken at seasonal base flow.  Bars are grand means for each forest cover category + 1SE.  
Forest cover of sites in “extant” categories has remained relatively constant since 1950, and sites 
in “recovering” categories are in different stages of reforestation.  Bars with shared letters are not 
significantly different (P < 0.05). 
 
Figure 4.  Results from measurement of physical habitat properties of each site (A-median 
particle size, B-% fine substrate, C-cobble:fine substrate ratio, D-EPA Rapid Habitat Assessment 
Protocol score).  Forest cover of sites in “extant” categories has remained relatively constant 
since 1950, and sites in “recovering” categories are in different stages of reforestation.  Bars are 
means for each forest cover category + 1SE, and bars with shared letters are not significantly 
different (P < 0.05). 
 
Figure 5.  Density (A) and diversity (B-richness, C-Simpson’s index, D-Shannon index, E-
Shannon evenness) metrics of benthic macroinvertebrates based on forest cover category (means 
+ 1SE).  Forest cover of sites in “extant” categories has remained relatively constant since 1950, 
and sites in “recovering” categories are in different stages of reforestation.  Means were not 
significantly different among forest cover categories for any variable. 
 
Figure 6.  Proportion of benthic macroinvertebrates in each functional feeding group (A-E) and 
the ratio of scrapers to shredders (F) in streams based on forest cover category (means + 1SE).  
Forest cover of sites in “extant” categories has remained relatively constant since 1950, and sites 
in “recovering” categories are in different stages of reforestation.  Bars with shared letters are not 
significantly different (P < 0.05). 
 
Figure 7.  Pollution tolerance metrics (A-EPT richness, B-% EPT, C-% Chironomidae + 
Oligochaeta, D-% 5 dominant, E-NCBI) based on benthic macroinvertebrate taxonomic 
composition in streams of different forest cover categories (means + 1SE).  Forest cover of sites 
in “extant” categories has remained relatively constant since 1950, and sites in “recovering” 
categories are in different stages of reforestation.  Bars with shared letters are not significantly 
different (P < 0.05). 



 42

 
Figure 8.  Non-metric multidimensional scaling (NMS) ordination of sites based on densities of 
macroinvertebrate taxa.  This ordination plots sites on the first two axis scores from a 3-axis 
NMS with stress = 10.151.  Sites are labeled with forest cover categories.  Table 6 shows taxa 
densities most strongly correlated with each axis. 
 
Figure 9.  Diagram of sites separated and grouped using densities of macroinvertebrate taxa by 
two-way indicator species analysis (TWINSPAN).  Each split shows taxa driving the separation 
or grouping of sites along with the eigenvalue (λ).  Dots represent intermediate groups 
comprised of all the sites below them on the tree.  Sites in boxes were not separated further using 
TWINSPAN parameters established for the test. 
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CHAPTER 3 
 
Recovery of stream ecosystem metabolism from historical 
agriculture 
 
 

Abstract 
 
 Primary production is limited in most forested streams by extremely low light and 
nutrients due to terrestrial vegetation shading streams and retaining nutrients.  However, 
agricultural land-use practices have caused increased light, nutrients, and sediment to reach many 
streams.  These agricultural influences have led to increased algal growth, higher primary 
production, and changes in stream ecosystem energetics.  In the southern Appalachians, 
agricultural activity has influenced streams for centuries, but recent socioeconomic trends in the 
region have led to extensive reforestation of agricultural land.  As watersheds reforest, stream 
ecosystem metabolism may recover from historical agricultural influences, particularly as 
streams become shaded by terrestrial vegetation.  I determined historical (1950) and current 
(1993) forested land cover in 2nd and 3rd order watersheds in 4 counties of the southern 
Appalachians using a geographic information system and used this information to categorize 
streams based on percent forested land cover in their watersheds and riparian zones.  Categories 
included 4 levels of agriculture with no change in % forest over the past 50 years and 2 levels of 
reforestation from agriculture due to land abandonment.  I then selected 3 streams from each 
category to determine the effect of current and historical agriculture on stream metabolism and to 
explore the influence of agriculture on factors potentially controlling stream metabolism.  I 
measured primary production (GPP) and respiration (R24) in 18 streams where the watersheds 
have experienced different amounts of historical and current agricultural activity.  I also 
calculated net metabolism (NEP and P/R) to compare ecosystem energetics among land-use 
types.  I estimated metabolism using a two-station diurnal oxygen change technique and gas 
releases to determine the reaeration rate.  In addition, I measured nutrient concentrations (DIN 
and PO4-P), light (PAR), temperature (degree-days), seston concentrations (TSS), and algae (chl-
a and AFDM) to determine if these factors were affected by current or historical agriculture and 
were correlated with metabolism.  Agricultural streams had significantly higher DIN, PO4-P, 
PAR, degree-days, TSS, and algae than did forested streams.  Nutrient concentrations and TSS 
were also higher in reforested streams than in forested streams despite reforestation from 
agriculture, but PAR and degree-days were similar to values for forested streams.  Chl-a and 
algal AFDM were also similar in reforested and forested streams, most likely because light 
became limiting during reforestation from agriculture.  GPP varied from < 0.1 g O2 m-2 d-1 in 
forested streams to 1.0 g O2 m-2 d-1 in agricultural streams.  Reforested streams had GPP similar 
to forested streams suggesting that shading due to reforestation may reduce GPP to pre-
agricultural levels.  R24 was much higher (4-20 times) than GPP in all stream types, resulting in 
highly negative NEP.  Although NEP was always negative, streams with current agriculture had 
less negative NEP than forested and reforested streams.  Agriculture could cause small shifts 
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toward autotrophy in these streams, but these shifts were not enough to compensate for total 
ecosystem respiration.  The extremely low NEP and P/R consistently < 1 could be due to 
allochthonous organic matter from remnant forested land (up to 75% forest) in agricultural 
watersheds.  GPP and P/R were strongly correlated with PAR, degree-days, and algae suggesting 
that light limited primary production in the streams studied.  Nutrients and TSS were positively 
correlated with R24, which suggests that nutrients and TSS may stimulate respiration.  
Agricultural influences on stream metabolism seem to recover following watershed reforestation.  
This may lend hope to restoration efforts focused on reducing agricultural influence by 
maintaining streamside forests. 
 
Keywords: primary production, respiration, light, nutrients, algae, agriculture, southern 
Appalachians 
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Introduction 
 

 Streams are intimately linked to their watersheds through fluxes of chemistry, hydrology, 
and terrestrial vegetation (Hynes 1975).  Streamside vegetation reduces light inputs and supplies 
organic matter to streams (Sweeney 1993).  In-stream metabolism is affected by the availability 
of light and nutrients because of their influence on primary production and respiration associated 
with detritus decomposition.  As a result, metabolism in forested streams is generally 
heterotrophic (i.e., dominated by respiration and limited primary production; Odum 1956, Fisher 
and Likens 1973, Webster et al. 1995, Mulholland et al. 2001).  Humans have dramatically 
altered watersheds in forested biomes by removing terrestrial vegetation for agriculture and other 
land uses resulting in higher light inputs, increased temperatures, and reduced allochthonous 
carbon supply to stream ecosystems (e.g., Webster et al. 1983).  In addition, agriculture causes 
increased nutrient and sediment inputs (Karr and Schlosser 1978, Lowrance et al. 1985, Waters 
1995).  The combination of higher light and nutrient availability may lead to high primary 
production in agricultural streams with a subsequent autotrophic shift in net metabolism (Brown 
and King 1987, Wiley et al. 1990, Young and Huryn 1999, Bunn et al. 1999).  However, 
suspended sediment in agricultural streams may limit primary production by reducing the 
amount of light reaching the stream bottom (Young and Huryn 1996) or scouring algae from the 
surfaces of rocks (Horner et al. 1990).  In addition, deposited sediment may provide inhospitable 
substrate for attached algae (Waters 1995). 
 Streams are generally thought of as resilient ecosystems (i.e., they recover quickly 
following disturbance; Webster and Patten 1979).  However, watershed disturbances, such as 
logging or agriculture, require that terrestrial vegetation recover prior to recovery of stream 
conditions (Webster and Patten 1979, Gurtz et al. 1980, Valett et al. 2002).  Changes in streams 
as a result of watershed disturbance can be extremely long lasting, even after terrestrial areas re-
vegetate.  Examples from logged watersheds show little recovery of water chemistry, wood 
input, and physical structure over decades, while other ecosystem properties (e.g., light inputs, 
quantity of allochthonous input) recover within a few years (Webster et al. 1992).  Agriculture 
may have a longer influence on streams because the disturbance occurs over decades or centuries 
rather than over a much shorter, discrete time frame.  Thus, conversion of forest to agricultural 
land use acts as a “press” disturbance (sensu Bender et al. 1984) to the streams that drain the 
disturbed watersheds.  Furthermore, reforestation of agricultural land is slowed compared to 
post-logging recover due to soil disturbance (e.g., compaction, erosion) and limited colonization 
by trees (Myster and Pickett 1994, Stover and Marks 1998, Honnay et al. 1999).  In comparison, 
logging can be thought of as a pulse disturbance (Bender et al. 1984), at least with respect to the 
forest.  Research has already shown that old-field succession takes much longer than 
reforestation from logging (Foster 1992), so it is reasonable to predict that the influences of 
agriculture will persist in streams longer than logging’s effects. 
 In the southern Appalachians, large amounts of historically agricultural land are 
reforesting as a result of socioeconomic changes in the region (Otto 1983, Clark 1984, Wear and 
Bolstad 1998).  These changes have provided the opportunity to study stream ecosystems as their 
watersheds reforest in order to determine the nature of stream recovery from agriculture during 
natural reforestation of their watersheds.  Following logging, reforestation reestablishes shading 
and allochthonous inputs (Webster et al. 1983).  However, nutrients likely remain elevated 
(Vitousek and Reiners 1975), and quality of allochthonous input is altered due to terrestrial tree 
species composition (Webster et al. 1983).  The legacy of agriculture affects biological 
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community structure in streams (Harding et al. 1998), and these lasting agricultural influences 
may influence ecosystem metabolism as well. 
 In this study, the effects of current and historical agriculture on stream ecosystem 
metabolism were assessed using a comparative approach.  Objectives were to compare rates of 
GPP and respiration among streams with different land-use patterns, determine how physical and 
chemical factors (e.g., nutrients, light, sediment) are most related to land use, and assess how 
they may influence metabolism.  To address recovery from agricultural influences, metabolism 
in streams reforested from historical agriculture were compared with rates in forested streams to 
determine the influence of watershed reforestation. 
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Methods 
 
Study sites 
 
 Study streams (2nd and 3rd order) were located in the southern Appalachian Mountains of 
western North Carolina and southwestern Virginia, USA (Figure 1).  Headwater streams in the 
Blue Ridge physiographic province of the southern Appalachians are typically slightly acidic and 
have low conductivity and dissolved ion concentration reflecting granitic and micaceous parent 
lithology (Simmons and Heath 1979).  Forests in the region are maturing second-growth (logged 
~ 75-100 years ago) and are dominated by oak (Quercus spp.), yellow poplar (Liriodendron 
tulipifera), red maple (Acer rubrum), and white pine (Pinus strobus) with an understory of 
Rhododendron, mountain laurel (Kalmia latifolia), and dogwood (Cornus florida).  Agricultural 
activity across the region is mainly cattle pasture with isolated row crop (primarily tobacco and 
corn).  Agriculture occurs primarily in bottomland along streams, but many farmers have upland 
pastures.  Riparian zones along agricultural streams frequently lack woody vegetation entirely or 
are vegetated with a narrow strip of trees, particularly black walnut (Juglans nigra), river 
sycamore (Platanus occidentalis), black locust (Robinia pseudoacacia), red maple, and oak 
(Neatrour et al. 2004). 
 
 
Site selection and categorization 
 

Streams were selected to represent six land-use categories (3 streams per category) based 
on the current and historical extent of agriculture within their basins.  I created a database of past 
land cover (% forest in 1950) and more recent land cover (1993) for watersheds in the southern 
Appalachians using a geographic information system (GIS).  Land cover data and watershed 
boundaries were obtained from Coweeta Hydrologic Laboratory for 4 counties: Grayson County, 
Virginia; Buncombe, Macon, and Madison Counties, North Carolina.  Land cover plots of 100 m 
width delineated riparian corridors for streams in each watershed with stream vectors centered in 
the plot (i.e., 50 m to each side of the stream) for the entire stream length.  Forest cover was 
determined for each watershed and associated riparian corridor by overlaying these spatial zones 
on a land cover map from each year and quantifying % forest cover. 

Site eligibility was restricted to watersheds with areas between 500 and 3000 ha and 
stream outlet elevations between 600 and 1000 m to help standardize for confounding factors 
(Resh et al. 1988).  I categorized these 500 watersheds into 6 groups based on the historical and 
current amount of forest in their watersheds.  Four categories were chosen to represent a gradient 
of extant agriculture with no change over time (FOR >98 % forest; AG-L 90-95 % forest; AG-M 
70-80 % forest; AG-H < 60 % forest).  Two categories were used to represent different stages of 
watershed recovery from agriculture by reforestation (REC-1 < 60 % forest in 1950 to > 80 % 
forest in 1993; REC-2 < 75 % forest in 1950 to > 90 % forest in 1993).  Streams of the REC-1 
category have undergone considerable reforestation (> 20 %) over the past 50 years, but they 
have less current forest cover than REC-2 streams.  Forest cover in riparian corridors was used to 
verify category assignment, and streams with riparian forest cover that was dramatically different 
than watershed category designations were not considered for our study. 

The study streams were selected from the pool of candidates by considering access to 
sampling locations, land owner cooperation, distribution across the region, and ground-truthing 
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of land use category assignments.  For each chosen stream, final catchment characterization was 
calculated for portions of the watershed up gradient of the specified study site.  These spatial 
zones were whole watershed, 100-m riparian corridor, and 100-m riparian corridors 1 and 2 km 
upstream of each sampling site. 
 
 
Physical and chemical measurements 
 
 Stream monitoring included measuring physical and chemical characteristics of the study 
sites on a bi-monthly basis from November 2000 to August 2001 during baseflow conditions.  I 
estimated discharge from velocity measured with an electronic flow meter (Marsh-McBirney 
Flo-Mate, Marsh-McBirney, Incorporated, Frederick, Maryland) and cross-sectional area of the 
stream channel.  Temperature was monitored continuously at 6-hour intervals throughout the 
study period using data loggers (HOBO Temp, Onset Corporation, Bourne, Massachusetts).  For 
each site and data, I collected samples to characterize suspended sediment, dissolved nutrients, 
and epilithic chlorophyll.  Triplicate 1-L water samples for determination of suspended solids 
were filtered through pre-ashed and weighed glass fiber filters (Gelman Type AE, 1-µm nominal 
pore size).  Filters were dried to constant weight, weighed, and ashed (550ºC for 1 hour) to 
quantify organic (combustible) and inorganic (ash) suspended material.  Three other samples 
were collected, filtered in the field using pre-soaked membrane filters (Whatman nylon, 0.45-µm 
pore size), and frozen before analysis.  Samples were analyzed for nitrate-nitrogen (NO3-N) and 
ortho-phosphate (PO4-P) using a Dionex DX500 Ion Chromatograph (Dionex Corporation, 
Sunnydale, California) and ammonium-nitrogen (NH4-N) using the OPA fluorometric method 
(Holmes et al. 1999).  Total dissolved inorganic nitrogen (DIN) was determined as the sum of 
NO3-N and NH4-N.  Specific conductance was measured bi-monthly using a field probe (YSI 
Model 30/50 conductivity meter).  Alkalinity was measured once at the beginning of the study by 
acid titration (APHA 1998). 
 
 
Algae 
 

Epilithic algal biomass was determined on rocks collected in April, June, and August 
2001.  On each date, 5 rocks from each stream were placed in a dark cooler on ice for transport 
to the lab where the upper surface of each rock was scrubbed with a wire brush in water to 
remove epilithon.  Scrubbed material was filtered onto pre-ashed and weighed glass-fiber filters 
(Gelman type A/E, 1 µm pore size).  Each filter was cut in half for separate analysis of 
photosynthetic pigments (chlorophyll a) and ash free dry mass (AFDM).  Chlorophyll a (chl a) 
was measured using a procedure similar to that outlined by Steinman and Lamberti (1996).  Chl 
a from each rock was extracted in 90% basic acetone for 20 hours.  After extraction, absorbances 
at 750, 664, and 665 nm were measured before and after acidification with 1N HCl on a 
Shimadzu UV-1601 Spectrophotometer (Shimadzu Corporation, Kyoto, Japan).  The other 
portion of the filter was used for determination of epilithic organic standing stock.  Filters were 
dried to constant weight, ashed, re-wetted, re-dried to constant weight, and re-weighed to 
determine epilithon AFDM.  Area scrubbed on each rock was determined by wrapping the upper 
surface of each rock in aluminum foil, weighing the foil, and using a weight-area conversion.  
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Chl a and AFDM were multiplied by 2 to account for filter splitting and divided by scrubbed 
rock surface area to represent chl a and epilithic biomass per unit area. 
 
 
Metabolism 
 
 During summer 2001, whole streams metabolism was measured using the open system, 
two-station diurnal oxygen change method (Odum 1956, Marzolf et al. 1994).  Dissolved oxygen 
concentration and temperature were recorded at 5-min intervals over a 24-hour period at two 
stations in each stream using Hydrolab sondes (Hydrolab Minisonde 4a, Hydrolab-Hach 
Company, Loveland, Colorado).  Oxygen probes were calibrated in water-saturated air (100% 
dissolved oxygen) at deployment elevation.  To correct for differences in calibration and probe 
drift, probes were placed together for 30-60 min at the beginning and end of each 24-hour 
measurement period.  Recording stations were 200 m apart in each stream.  Sondes were secured 
to the stream bottom in well-mixed stream segments with the probes pointing into the current at 
approximately half-depth. 

Reach travel time (20-50 min.) was determined by releasing a slug of NaCl upstream of 
the study reach, recording conductivity readings as it passed upstream and downstream stations, 
and calculating the time for the NaCl slug to pass through the reach.  Water velocity through the 
reach was estimated by dividing reach distance by the travel time (t).  Transects were established 
every 50 m in the study reach to estimate width and depth (at least 10 depth readings per 
transect).  Discharge at upstream and downstream sites was then calculated as the product of 
water velocity and cross-sectional area. 

The reaeration coefficient (K2) was estimated using volatile gas-conservative tracer solute 
injections at each site.  Background water samples were collected at 50-m intervals along the 
200-m study reach.  Velocity, width, and slope were used to determine the minimum stream 
length required for complete mixing of solutes (Kilpatrick et al. 1989).  Volatile gas (sulfur 
hexafluoride, SF6) and conservative tracer (Cl- or Br-) were simultaneously released at a location 
at least 1 mixing length upstream of the study reach.  SF6 was released at a constant rate in deep 
runs from 3 bubbling air-stones to maximize contact between gas and water.  Cl- or Br- was 
released at constant rate using a fluid-metering pump (FMI, Inc., Syossett, New York) into a 
constrained riffle portion of stream to optimize mixing.  Gas and tracer were both released for at 
least 3 times the reach travel time (t) to reach steady-state (plateau) solute concentrations 
(Genereux and Hemond 1992, Marzolf et al. 1994).  Triplicate water samples (gas and tracer) 
were collected every 50 m along the study reach after the stream reached plateau.  Gas samples 
were obtained by collecting 45 mL of stream water in a 60-mL syringe, adding 15 mL of 
atmospheric air (away from the sampling reach to avoid SF6 contamination), and shaking for 10 
min to equilibrate SF6 in the headspace.  The headspace was then injected into 15-mL vacuumed, 
air-sealed glass vials.  SF6 was quantified with an SRI-8610 Gas Chromatograph (SRI 
Instruments, Torrance, California) equipped with an electron-capture detector.  Water samples 
for tracer analysis were placed on ice for transport to the lab where they were anyzed for Cl- or 
Br- using a Dionex DX-500 Ion Chromatograph equipped with an A514A column.  I calculated 
K2 for each stream using the method and equations of Wanninkhof et al. (1990) and Wanninkhof 
(1992).  K2 values were converted from ambient stream temperature to standard temperature 
(20ºC) for comparison among sites following Elmore and West (1961). 
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Change in dissolved oxygen (DO) over each 200-m study reach (∆DO) was determined 
by subtracting the oxygen concentration of the downstream site at time t0+t from the upstream 
site at time t0.  I used the average oxygen saturation deficit, K2, and reach travel time to correct 
for the flux of oxygen due to reaeration (Marzolf et al. 1994, Young and Huryn 1998).  The 
saturation deficit is the difference between measured oxygen values and equilibrium 
concentrations at stream temperature and ambient barometric pressure.  Stream temperature was 
measured on the Hydrolab minisondes concurrently with DO while barometric pressure was 
measured continuously using a Vaisala pressure transmitter equipped with a Campbell data 
logger (Campbell Scientific, Incorporated, Logan, Utah).  I also measured photosynthetically 
active radiation (PAR) continuously at the stream surface of each study site using a LI-COR 
quantum sensor (LI-COR Biosciences, Incorporated, Lincoln, Nebraska) on the Campbell data 
logger.  Discharge measures at upstream and downstream ends of each study reach were nearly 
identical suggesting that the influence of inflowing water was negligible. 

From the resulting reaeration-corrected ∆DO, I calculated gross primary production 
(GPP) and respiration (R) following Marzolf et al. (1994).  GPP was calculated by integrating 
the reaeration-corrected ∆DO curve from dawn to dusk (times determined from PAR).  Daytime 
R was estimated by assuming a linear change from R at dawn and dusk.  From this curve, I 
estimated R24 by integrating the reaeration-corrected ∆DO from midnight to midnight.  GPP and 
R were converted to area estimates by dividing by mean depth along the reach.  I used GPP and 
R to calculate net ecosystem metabolism (NEP = GPP - R) and the ratio of GPP:R (P/R). 
 
 
Statistical analysis 
 
 I used one-way ANOVA to compare differences in metabolic variables among categories 
with streams as replicates within categories.  Physicochemistry, chl a, and epilithic AFDM were 
compared using repeated-measures (RM) ANOVA with land-use category as factors and streams 
as replicates.  To explore factors controlling metabolism, I correlated metabolic parameters with 
physicochemistry, chl a, and epilithic AFDM using Pearson product moment correlation.  All 
variables were tested for normality prior to analysis and were transformed if found to have non-
normal distributions. 
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Results 
 
 In general, % forest was higher at broader spatial scales (watershed and riparian corridor) 
than at sub-corridor scales within land-use categories (Table 1).  In addition, most land-use 
categories showed higher amounts of forested land cover at all spatial scales in 1993 than in 
1950.  However, reforestation was more extensive in stream basins of the two recovery stages 
(REC-1 and REC-2) than in the agricultural reference (AG) streams.  AG streams adequately 
represented a gradient of agriculture from low (AG-L) to high (AG-H) at all spatial scales.  
Streams in both stages of recovery had similar amounts of forest in their watersheds, but streams 
in the later stage of recovery (REC-2) had more forest cover in their riparian zones than did 
REC-1 streams. 
 Elevation varied from 576 to 861 m and was generally lower in AG streams, although 
differences were not significant among land-use categories (Table 2).  Watershed area was 
significantly higher for AG-M streams, and REC-2 streams had the smallest watershed areas 
(ANOVA: P < 0.001).  However, discharge at the time of sampling did not vary significantly 
among categories.  Specific conductance varied from 11.9 to 98.4 µS/cm among all streams and 
was highest in AG-L streams (ANOVA: P = 0.011).  Alkalinity was slightly higher in AG-M, 
AG-H, and REC-1 sites (ANOVA: P = 0.031), but mean values ranged only 6.4 mg CaCO3/L 
from 5.3 to 11.7 mg CaCO3/L (Table 2). 
 Nutrient concentrations, light, and cumulative degree-days were significantly higher in 
streams draining watersheds with more agricultural land use (Figure 2).  Average DIN among 
categories varied from 75 µg / L in AG-L to 582 µg / L in AG-H.  DIN values were lowest in 
FOR streams and highest in AG-H streams; REC streams fell between these values and were 
significantly higher than FOR streams.  PO4-P was below or near the analytical detection limit in 
FOR and AG-L streams (mean < 5 µg / L, detection limit 4 µg / L).  All other categories had 
higher PO4-P concentrations than FOR and AG-L.  PAR varied from a mean of 0.74 mol m-2 d-1 
at FOR sites to 26.16 mol m-2 d-1 at AG-H sites (Figure 2).  AG-M and AG-H had significantly 
higher PAR than all other categories, and AG-L and REC-2 had higher PAR than FOR sties.  
Cumulative degree-days were higher in AG-M and AG-H streams than in FOR, AG-L, and REC-
2 streams (Figure 2). 
 Suspended solids also differed among land cover categories (Figure 3).  TSS was lowest 
in FOR and AG-L streams and was highest in AG-M and REC-2 streams.  REC-1 and REC-2 
streams had significantly higher total suspended solids than FOR and AG-L streams.  
Approximately 50 % of the seston in FOR and AG-L streams was inorganic material, but ~ 75 % 
of seston was inorganic in AG-M and AG-H.  Seston in REC streams was comprised of more 
inorganic material than FOR and AG-L streams. 
 Reaeration coefficients (K2(20ºC)) varied from 14.7 to 204.1 d-1 among all sites and were 
highly variable within land-use categories (Table 2).  FOR sites had the highest average K2(20ºC) 
(113.5 d-1), but mean values did not vary significantly among land-use categories due to the high 
variability observed within categories.  In general, however, agricultural sites had lower values 
for K2(20ºC) than forested or recovering streams. 
 Chl a varied from ~ 2 mg / m2 in REC-2, FOR, and AG-L sites in August to ~12 mg / m2 
in AG-M and AG-H sites in June (Figure 4).  All categories, except REC-1, had their highest chl 
a in June.  Across seasons, chl a was lowest in REC-2 and FOR streams compared to AG-H and 
REC-1 streams.  AFDM was generally highest in April and declined throughout the summer 
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(Figure 4); however, only AG-H had significantly higher epilithic AFDM than any other 
category. 
 Metabolism varied greatly among streams within land-use categories, but several 
significant differences were observed based on land-use.  GPP was significantly higher in AG-M 
and AG-H sites (1.19 " 0.19 and 0.66 " 0.18 g O2 m-2 d-1, respectively) compared with all other 
categories where rates varied from 0.10 to 0.23 g O2 m-2 d-1 (Figure 5).  GPP in the recovering 
streams (REC-1 and REC-2) was similar to GPP in forested and low agriculture streams.  R 
varied from ca. 4-7.5 g O2 m-2 d-1, was 4 to 40 times higher than GPP, and was not significantly 
different among categories (Figure 5).  High R relative to GPP resulted in negative NEP for all 
sites and values similar to R (Figure 5).  NEP did not vary significantly among land-use 
treatments.  Mean P/R varied from 0.013 " 0.008 in long-term forested sites to 0.183 " 0.049 in 
medium agriculture sites (Figure 5) and was significantly higher in medium and high agriculture 
sites than in forested, low agriculture, and reforested sites. 
 Physical properties, water chemistry, and algal biomass were significantly correlated with 
metabolism in this study (Table 3).  DIN was positively correlated with GPP.  PO4-P was 
positively correlated with R and negatively correlated with NEP.  PAR was positively correlated 
with both GPP and P/R.  GPP and P/R were also positively correlated with degree-days.  Like 
PO4-P, TSS was correlated positively with R but negatively with NEP.  Chl a was positively 
correlated with both GPP and P/R.  Epilithic AFDM was also positively correlated with GPP. 



 62

Discussion 
 
Land cover trends in the southern Appalachians 
 

Land cover analysis was used to categorize streams based on current and historical 
agricultural activity in their watersheds.  The influence of land-use at different spatial scales on 
stream biota and ecosystem processes makes interpretation of land cover data difficult (e.g., 
Allan et al. 1997, Sponseller and Benfield 2001).  Adding temporal variation may make spatial 
scale influences even more complicated to detect because multiple data layers must match 
geographically for accurate time-series analysis and spatially explicit interpretation of land cover 
changes.  A categorical approach was employed to avoid these complications and to consider the 
history of human activity in addition to spatial dimensions.  This categorization took advantage 
of spatial and temporal perspectives in order to define sites by the extent of agricultural activity 
and the changes in land-use over the past 50 years.  FOR sites served as a long-term forested 
reference category, while AG sites were intended to represent a gradient of agriculture from low 
(AG-L) to high amounts (AG-H).  In general, AG sites fit their categories, but forest cover 
differed among sites within each land-use category at different spatial scales.  Agriculture was 
predominantly found along the stream near sampling locations at most sites.  However, some 
sites had extensive pasture in the uplands with more forested riparian zones.  Furthermore, the 
type of agriculture practice varied among sites within each category but was not distinguished by 
the land cover estimation technique employed.  Despite these quantitative drawbacks, forest and 
agriculture sites represented long-term land-use patterns common across southern Appalachian 
watersheds. 

Streams of recovering catchments were placed into one of two stages based on the extent 
of reforestation in their watersheds.  REC-1 streams were more heavily influenced by agriculture 
in 1950 than REC-2 streams, particularly in the riparian zones.  As a result, REC-1 watersheds 
are currently less forested than REC-2 watersheds.  However, watersheds in both categories have 
extensively reforested at all spatial scales, providing the potential for recovery of stream 
processes from historical disturbance. 
 
 
Influence of agriculture on physical and chemical stream properties 
 
 Chemical and physical properties responded to the gradient of agriculture represented by 
FOR and AG streams.  In addition, several properties of the physical and chemical structure of 
REC streams were similar to agricultural streams reflecting long-term effects of agriculture 
despite watershed reforestation.  Nutrient concentrations (DIN and PO4-P) increased with 
increasing agriculture, and these concentrations remained elevated in streams from both 
recovering categories.  Furthermore, both light (PAR) and temperature (degree-days) responded 
similarly to the agricultural gradient (higher in more agricultural sites).  PAR values from AG-H 
streams were as high as those recorded in prairie streams of KS but were not quite as high as 
values reported for desert streams in AZ (Mulholland et al. 2001).  PAR and degree-days were 
not elevated in REC streams suggesting that these variables recover as a result of reforestation.  
Logging history has similar effects on stream ecosystems in that nutrients remain elevated for 
decades following logging, but light and temperature return to pre-logging conditions relatively 
rapidly (Marks and Bormann 1972, Vitousek and Reiners 1975, Webster et al. 1983). 
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 Increased sediment load to receiving streams has been one of the most common 
influences of agricultural land use (Waters 1995).  Suspended material can have important 
implications for metabolism for several reasons.  For example, Young and Huryn (1996) showed 
that organic material in transport contributed to total reach respiration, while total suspended 
material reduced primary production by reducing light available to benthic algae.  In the present 
study, baseflow suspended particle concentrations were 3X higher in streams with current and 
past agricultural activity compared to forested streams.  These higher seston concentrations were 
accompanied with higher % inorganic sediment content.  As a result, suspended inorganic 
sediment was ~ 4X higher in agricultural streams than in forested streams.  Organic seston 
concentrations were relatively similar among categories (< 2X higher in agricultural than in 
forested streams).  Because seston in agricultural streams was primarily inorganic, the primary 
effect of seston on metabolism in agricultural streams was likely to reduce GPP. 
 Chl a was higher in agricultural than forested streams, presumably resulting from higher 
nutrients and light.  High light intensity and nutrients are associated with high algal productivity 
in agricultural streams (Corkum 1996), and nutrients have been strongly correlated with algal 
growth in the absence of light limitation (Lohman et al. 1992, Mosisch et al. 2001).  Agricultural 
streams had ~3X the amount of chl a as forested streams in this study, but even the highest chl a 
found in agricultural streams in this study (~ 10 mg/m2) were much lower than chl a reported for 
some forested streams in the southern Appalachians (Walker Branch, TN 52-93 mg/m2; White 
Oak Creek, TN 13-51 mg/m2, from Hill and Dimick 2002).  Surprisingly, chl a was abundant in 
REC-1 streams, despite low light levels.  However, AFDM on rock surfaces was low in REC-1 
streams relative to AG-H streams.  REC-1 streams exhibited the strongest seasonal trend in both 
chl a and AFDM.  From April to August, algal biomass (chl a and AFDM) declined by two-
thirds in REC-1 streams.  This corresponds to the transition from open winter foliage to closed 
summer canopies, and algal biomass may be predicted to decline over this period in forested 
streams.  If light limitation associated with canopy closure causes lower algal biomass in forested 
streams, then AG-M and AG-H streams should have much higher algal biomass than forested 
streams, particularly during summer.  In general, AG categories did have higher algal biomass 
than forested streams in each month, but differences were not greatest during summer months.  
Instead, the largest differences occurred during April.  Therefore, seasonal light changes in 
forested streams may not be great enough to cause light limitation of the algal assemblage 
particular to forested streams (Hill et al. 2001). 
 Reaeration coefficients describe the propensity for gas exchange and reflect the physical 
interaction of flowing water with the stream channel (depth, velocity, slope, turbulence).  
Reaeration was positively correlated with site elevation and negatively correlated with watershed 
area.  Streams with high elevation and small watershed area tended to have steeper slopes, which 
likely contributed to higher reaeration rates.  However, elevation was not significantly different 
among land-use categories.  Reaeration values were highly variable among sites within land-use 
categories and thus were not significantly different among land-use categories.  Metabolism 
estimates can be particularly sensitive to reaeration rates and the method used to determine 
reaeration (Wilcock 1982, McCutchan et al. 1998, Young and Huryn 1999).  Streams with high 
reaeration rates (k2(20ºC) > 100 d-1) generally require higher respiration rates in order to make 
precise metabolism estimates (McCutchan et al. 1998).  Reaeration exceeded 100 d-1 in only 4 
streams, suggesting relatively good quality of metabolism estimates. 
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Land use effects on ecosystem metabolism 
 

Reductions in forest cover as a result of agriculture affected stream ecosystem 
metabolism by increasing GPP, but rates of R remained unchanged.  GPP was nearly zero in 
forested streams and was highest in streams with moderate amounts of current agriculture.  
Streams in catchments with higher amounts of agriculture (AG-H) had higher GPP than forested 
streams, but GPP rates in these streams were significantly lower than AG-M streams.  AG-H 
streams had the highest nutrient concentrations, PAR values, and algal biomass suggesting that 
they may support highest GPP rates.  In fact, strong correlations between light, chlorophyll, and 
GPP were evident among all study streams, but lower GPP in AG-H compared to AG-M did not 
support this trend.  Young and Huryn (1999) suggested that GPP could have been light-limited in 
a tussock grassland stream because channel incision increased canyon shading.  Suspended 
particles reduce light reaching benthic algae in streams and have also been shown to reduce GPP 
(Wiley et al. 1990, Brown and King 1987, Young and Huryn 1996).  Light and TSS data from 
the present study do not support either of these possibilities as explanations for higher GPP in 
streams with medium agriculture compared to high agriculture because PAR and TSS from AG-
H sites were similar to AG-M sites.  Intense agriculture may alter GPP by introducing fine 
sediment to the stream bottom and changing particle size, as was shown in the Midwest by 
Brown and King (1987).  Small substrates generally support lower algal standing crops and may 
scour larger particles when moved by storms, which results in lower GPP in streams with 
shifting benthic substrate (Biggs et al. 1999).  Median particle size and the % of fine sediment 
present on the streambed were higher in AG-H sites than AG-M (unpublished data), which may 
have limited GPP in AG-H streams despite high PAR.   

GPP rates in reforested streams were similar to those in forested and low agriculture 
streams, most likely due to light limitation from reforestation.  GPP was most strongly correlated 
with light availability (indicated by PAR and degree days) in this study and was only weakly 
correlated with DIN.  While nutrient concentrations in recovering streams were elevated 
compared to long-term forested streams, canopy closure was evident at all the sites.  Primary 
production in streams has been shown to return rapidly to normally low values as a result of 
reforestation following clear cutting despite persistent elevated nutrient concentrations (Webster 
et al. 1983).  Furthermore, primary production has been shown to decrease while nutrient 
concentrations increase during canopy closure from spring to summer in southern, forested 
streams (Hill et al. 2001).  Nutrients have been shown to stimulate GPP in streams but only in 
conditions where light is not limiting (Lowe et al. 1986, Hill et al. 1992).  Furthermore, in a 
broad survey of streams, PAR explained 72% of the variation in GPP across North American 
stream ecosystems whereas phosphorus concentration explained only an additional 18% 
(Mulholland et al. 2001).  DIN was weakly correlated with GPP in the present study and did not 
improve regression models using PAR to predict GPP. 

Unlike its influence on GPP, agriculture did not seem to affect ecosystem respiration.  It 
has been suggested that respiration increases with agricultural activity in watersheds (King and 
Cummins 1989, Bunn et al. 1999).  However, others have shown no increase or, conversely, a 
decrease in respiration with agricultural activity (Young and Huryn 1999).  Metabolism of 
forested southern Appalachian streams is dominated by respiration (e.g., Webster et al. 1997), so 
high R rates may be the normal condition rather than a response to stress at the ecosystem level.  
In general, GPP appears to be more sensitive than respiration to differences in light regime 



 65

(Mulholland et al. 2001), and removal of riparian vegetation appears to alter GPP more strongly 
than R rates (Bunn et al. 1999). 

For all streams in this study, R was much higher than GPP resulting in negative NEP and 
P/R values well below 1.  Agriculture did not appear to generate significant changes in NEP.  
Despite little change in NEP, streams with higher GPP had higher P/R values.  At broader scales, 
stream P/R should reflect changing terrestrial-aquatic interactions.  Vannote et al. (1980) 
predicted increases in P/R with distance downstream because increasingly open forest canopy 
allows light to reach the stream and enhance GPP.  Minshall et al. (1985), however, suggested 
that human activity in watersheds might generate an upstream shift of higher P/R.  In the present 
study, agriculture resulted in higher P/R in small (2nd and 3rd order) streams, thereby supporting 
the assertion that land clearing alters typical longitudinal patterns in stream metabolism.  
However, the magnitude of the increase in P/R due to agriculture (i.e., 0.01-0.22) was not as 
dramatic as that observed in larger rivers (i.e., 0.2 to 1.1 from 4th to 6th order) in the southern 
Appalachians (McTammany et al. 2003).  In addition, all P/R values were much lower than 1, 
indicating that even agricultural streams were highly heterotrophic despite having open canopies.  
Several studies have found P/R ratios > 1 in various types of agricultural streams including 
Midwest U.S. row crop (Wiley et al. 1990), New Zealand pasture streams (Young and Huryn 
1999), and Australian agricultural streams (Bunn et al. 1999).  Agricultural streams in these 
studies had GPP values approximately 2-10X higher than those reported in this study but similar 
rates of R. 

What features may be limiting GPP in my agricultural streams relative to other studies?  
One major difference among agricultural streams in these studies was amount of forested land in 
watersheds.  The most agricultural watershed was approximately 50% forested.  In contrast, 
forest comprised only about 5% of the watershed with the remainder in tussock grassland or 
pasture in New Zealand (Young and Huryn 1998).  In the Midwest U.S., watersheds were over 
90% row crop agriculture (Wiley et al. 1990).  Bunn et al. (1999) found higher P/R as canopy 
cover declined from agriculture and suggested a value of 73% canopy cover as the threshold for 
normal P/R in Australian streams.  Obviously, there are major differences in the baseline 
energetics of undisturbed streams across biomes that affect interpretation of land-use effects on 
stream metabolism.  In addition, the mountainous terrain surrounding the streams may cause 
shorter photoperiods with subsequently lower GPP and P/R than open-canopy streams in areas 
with less topographic relief, like the Midwest U.S. 

Metabolism was correlated with several factors found to differ among agricultural 
treatments.  In most cases, those factors correlated with GPP and P/R were not correlated with 
respiration and NEP.  Relationships between these chemical and physical variables and 
metabolism provide insight into factors controlling metabolism in agricultural streams.  Light 
availability seemed to drive GPP in stream ecosystems with only secondary control by other 
factors.  For example, the highest light category (AG-H) did not have the highest GPP, most 
likely due to substrate unsuitable for algae (Biggs et al. 1999).  Nutrient availability may also 
limit GPP in streams receiving ample light (Lowe et al. 1986), and PO4-P values were very low 
in all study streams.  Respiration was not related to light or temperature but was related to 
nutrient and seston concentrations.  Therefore, the net result of agriculture on stream metabolism 
in the southern Appalachians was higher GPP and P/R in streams while net metabolism remained 
dominated by respiration.  Once reforestation occurs on previously agricultural land, stream 
metabolism returns to pre-agricultural levels.  Active management of agricultural streams often 
entails restoring woody riparian vegetation.  Based on the results, such restoration could 
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potentially restore the natural organic matter dynamics of agricultural streams in forested areas 
by limiting primary production and providing allochthonous detritus inputs. 
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Table 1. Historical and current forest cover (%) at different spatial scales for streams in each 
forest cover category.  Percent forest cover of sites in “extant” categories has remained constant 
since 1950, and sites in “recovering” categories are in different stages of reforestation.  Lateral 
spatial scale is indicated by WS (whole watershed) or RIP (100-m riparian corridor).  Extent 
refers to longitudinal spatial scale.  Values are means for each category (n=3 streams) " 1 SE. 
 

Spatial scale  Extant Recovering 

Lateral Extent Year FOR AG-L AG-M AG-H REC-1 REC-2 

WS 
 

Whole catchment 
 

1950 
 

99.8 " 
0.2 

87.8 " 
5.4 

64.8 " 
9.8 

58.1 " 
9.9 

83.2 " 
5.3 

73.2 " 
13.1 

WS 
 

Whole catchment 
 

1993 
 

99.8 " 
0.1 

94.6 " 
3.4 

86.4 " 
3.9 

81.1 " 
4.5 

95.7 " 
0.9 

93.7 " 
1.3 

RIP 
 

Whole stream 
 

1950 
 

100.0 " 
0.0 

87.4 " 
4.3 

52.1 " 
9.1 

34.2 " 
1.6 

60.8 " 
11.0 

69.6 " 
10.7 

RIP 
 

Whole stream 
 

1993 
 

99.8 " 
0.2 

97.1 " 
1.2 

78.8 " 
5.1 

63.1 " 
0.8 

85.4 " 
4.3 

93.2 " 
3.3 

RIP 
 

2 km corridor 
 

1950 
 

100.0 " 
0.0 

73.9 " 
6.3 

19.6 " 
5.2 

10.8 " 
10.4 

41.8 " 
16.3 

66.5 " 
9.2 

RIP 
 

2 km corridor 
 

1993 
 

95.4 " 
3.7 

87.5 " 
5.2 

53.9 " 
3.2 

27.4 " 
13.3 

75.0 " 
6.6 

90.1 " 
2.2 

RIP 
 

1 km corridor 
 

1950 
 

100.0 " 
0.0 

43.2 " 
12.2 

18.7 " 
1.2 7.6 " 6.1 29.5 " 

16.5 
58.2 " 
10.5 

RIP 
 

1 km corridor 
 

1993 
 

96.1 " 
2.1 

68.9 " 
19.0 

43.0 " 
6.2 

17.6 " 
12.9 

64.0 " 
6.1 

83.6 " 
6.6 
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Table 2.  Physical and chemical characteristics of streams in each forest cover category.  Values 
are means (n = 3 streams) with limits in parentheses.  Discharge and conductivity were measured 
semi-monthly at each site, and the value reported is the mean of each site mean with overall 
range.  Reaeration (oxygen exchange) coefficients (K2(20ºC)) of streams by category derived from 
injection of volatile gas (SF6) and conservative tracer (Cl-1 or Br-1) standardized to 20ºC from 
ambient stream temperature for comparison. 
 

 Extant Recovering 

 FOR AG-L AG-M AG-H REC-1 REC-2 

Elevation (m) 
 

776 
(693-832) 

722 
(588-861) 

652 
(576-762) 

719 
(671-762) 

732 
(646-838) 

829 
(766-861) 

WS area (ha) 
 

514 
(241-922) 

1231 
(809-1539)

1815 
(1551-2033)

1064 
(925-1222)

731 
(340-982) 

333 
(321-342) 

Discharge (L/s) 
 

73 
(59-81) 

90 
(82-99) 

66 
(56-86) 

70 
(49-99) 

62 
(45-82) 

59 
(39-73) 

Spec. cond. 
(µS/cm) 

20.8 
(11.9-28.3) 

75.0 
(45.2-98.4)

31.5 
(22.6-36.8)

43.0 
(40.8-45.7)

50.0 
(32.1-63.3) 

65.2 
(43.8-82.0)

Alkalinity (mg 
CaCO3/L) 

5.3 
(4.9-6.1) 

6.7 
(4.8-8.3) 

11.0 
(9.2-12.5) 

11.7 
(8.4-15.9) 

11.7 
(8.7-16.2) 

9.7 
(9.1-10.3) 

K2(20ºC) (d-1) 
 

113.5 
(17.7-204.1) 

48.2 
(23.6-82.5)

46.9 
(14.7-88.7)

29.5 
(16.0-38.1)

69.8 
(25.5-146.2) 

86.9 
(75.5-108.6)
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Table 3.  Pearson product moment correlations relating physical and chemical parameters and 
algal biomass to metabolism.  Values are correlation coefficients (P values) from significant 
relationships (n = 18); NS denotes non-significant relationships. 
 

 GPP R NEP P/R 

DIN 0.47 (0.048) NS NS NS 

PO4-P NS 0.50 (0.034) -0.52 (0.029) NS 

PAR 0.66 (0.003) NS NS 0.73 (0.001) 

Degree-days 0.59 (0.009) NS NS 0.63 (0.005) 

TSS NS 0.57 (0.014) -0.52 (0.027) NS 

Chl a 0.74 (0.001) NS NS 0.62 (0.007) 

Epilithic AFDM 0.60 (0.008) NS NS 0.58 (0.012) 
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Figure Captions 
 

Figure 1.  Map showing locations of study sites in the southern Appalachian region (gray area on 
inset).  Sites are coded by category (● FOR, ■ AG-L, ○ AG-M, ∆ AG-H, □ REC-1, ▲ REC-2). 
 
Figure 2.  Nutrient concentrations (DIN and PO4-P), light (PAR), and cumulative degree-days 
(above 0 ºC from November 2000 to August 2001) of streams shown by forest cover category.  
Percent forest cover of sites in “extant” categories has remained constant since 1950, and sites in 
“recovering” categories are in different stages of reforestation.  Bars are means + 1 SE (n=3 
streams for each category).  DIN and PO4-P values for each site were based on samples collected 
bi-monthly from November 2000 to August 2001.  Bars with different letters are significantly 
different (RM ANOVA for DIN and PO4-P, one-way ANOVA for PAR and degree-days, P < 
0.05). 
 
Figure 3.  Concentration (a-total suspended solids, b-inorganic suspended solids, c-organic 
suspended solids) and composition (d-% inorganic seston) of seston in streams shown by forest 
cover category.  Percent forest cover of sites in “extant” categories has remained constant since 
1950, and sites in “recovering” categories are in different stages of reforestation.  Values are 
means + 1 SE (n=3 streams for each category) over the entire study period.  Bars with different 
letters are significantly different (RM ANOVA, P < 0.05). 
 
Figure 4.  Algal biomass (chl a and AFDM) on rocks collected from each stream by forest cover 
category.  Percent forest cover of sites in “extant” categories has remained constant since 1950, 
and sites in “recovering” categories are in different stages of reforestation.  Categories with 
significant differences are marked with different letters (RM ANOVA, P < 0.05). 
 
Figure 5.  Daily rates of gross primary production (GPP), ecosystem respiration (R), and net 
metabolism by forest cover category.  Percent forest cover of sites in “extant” categories has 
remained constant since 1950, and sites in “recovering” categories are in different stages of 
reforestation.  Values are means + 1 SE (n=3 streams for each category).  Bars with different 
letters are significantly different (one-way ANOVA, P < 0.05). 
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CHAPTER 4 
 
Organic matter breakdown and microbial biofilm activity in 
agricultural streams 
 
 

Abstract 
 
 Agriculture in forested regions causes high sediment, nutrient, and light input to streams, 
and these inputs may affect rates of ecosystem processes such as organic matter decay.  In 
general, higher nutrients and temperature have been associated with faster organic matter 
breakdown, but increased sediment may bury organic matter making it unavailable to consumers 
subsequently slowing decay.  In order for stream ecosystems to recover from historical land uses, 
forests must be allowed to re-grow in their watersheds through either natural succession or 
human intervention.  In the southern Appalachians, socioeconomic trends over the past 50 years 
have caused widespread abandonment of farmland with subsequent reforestation.  Physical and 
chemical properties of streams in these reforested areas may be returning to pre-agriculture 
levels thereby creating the potential for recovery of ecosystem processes.  I examined wood 
breakdown and microbial biofilm development in streams with different historical and current 
agricultural activity in their watersheds.  I used a GIS to analyze the amount of historical (1950) 
and recent (1993) forested land cover in watersheds and riparian zones from large sections of the 
southern Appalachians.  I categorized streams based on the percent forested land cover in their 
watersheds and riparian zones in these two time periods.  Categories included 4 levels of 
agriculture with no change in % forest over the past 50 years and 2 levels of reforestation from 
agriculture due to land abandonment.  I chose 5 streams from each category and compared 
microbial biofilm respiration on wood veneer substrates and breakdown of wood veneers among 
these land-use categories.  I also measured nitrogen and phosphorus concentration in the water 
along with temperature because these factors are thought to be important determinants of biofilm 
activity and organic matter breakdown.  Streams with current agriculture had higher 
concentrations of dissolved inorganic nitrogen than forested streams.  Despite reforestation from 
agriculture, nitrogen concentrations were also elevated in streams with agricultural histories 
relative to forested streams.  Temperature was also higher in agricultural streams but appeared to 
recover from historical agriculture through reforestation and stream shading.  Wood breakdown 
rates ranged from 0.0015 to 0.0076 d-1 and were similar to other studies using wood veneers to 
determine breakdown rate.  Microbial biofilm respiration increased with incubation time in 
streams up to approximately 150 days after which it remained constant.  Neither wood 
breakdown nor biofilm respiration was significantly different among categories, despite the 
observed physical and chemical differences in streams based on land-use.  Wood breakdown 
rates could be predicted from biofilm respiration indicating microbial control of wood 
breakdown in these streams.  Both breakdown and biofilm respiration were negatively correlated 
to the amount of inorganic sediment accumulated on wood veneers.  Higher nutrients and 
temperature led me to expect faster breakdown and higher microbial respiration in agricultural 
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streams, but sediment in these streams may be limiting microbial activity and breakdown of 
organic material resulting in no net effect of agriculture on wood breakdown.  Stream ecologists 
have been exploring the potential incorporation of ecosystem functions into biomonitoring 
programs, which typically use biological structure to indicate influences of humans on ecosystem 
integrity.  In addition, restoration efforts are beginning to include ecosystem processes as 
indicators of impairment and recovery in previously influenceed streams.  Clearly, the influence 
of agriculture on wood dynamics in streams must be better understood before they can be useful 
as part of biomonitoring programs. 
 
Keywords: sediment, nutrients, temperature, land-use, history, decomposition, recovery, 
disturbance, organic matter dynamics, bioassessment, agriculture, biofilm, stream 
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Introduction 
 

Streams in forested regions rely heavily on the supply of allochthonous organic material 
for secondary production (Wallace et al. 1997) and nutrient retention (Webster et al. 2000).  This 
organic matter is subject to a variety of processes including microbial colonization, transport, 
burial, and ingestion.  Leaf material is the bulk of allochthonous material reaching small streams 
(Webster and Meyer 1997), and many organisms are particularly adapted for processing 
autumnal input of leaves (Anderson and Sedell 1979).  However, wood is an important structural 
component of many streams (e.g., Harmon et al. 1986), and it acts as a long-lasting food resource 
after the rapid breakdown of leaf material (Webster and Benfield 1986).  Wood may be an 
extremely important resource in streams that do not receive large annual supplies of leaves, such 
as agricultural streams with altered riparian vegetation or in streams that rapidly process leaf 
material during winter (Rabeni and Hoel 2000). 

Wood decomposition in streams is primarily achieved through microbial activity, mainly 
fungal and bacterial digestion (Sinsabaugh et al. 1992), and active biofilms develop on the 
surfaces of wood substrates in streams (Golladay and Sinsabaugh 1991, Tank and Winterbourn 
1995).  Substrate quality (i.e., tissue chemistry) can be particularly important in determining 
microbial activity and breakdown rate of organic matter in streams (Melillo et al. 1983, Gessner 
and Chauvet 1994).  However, concentration of nutrients, primarily nitrogen (N) and phosphorus 
(P), in the water column can also influence microbial biofilm activity (Howarth and Fisher 1976, 
Tank and Webster 1998) and organic matter breakdown rates (Howarth and Fisher 1976, 
Benfield et al. 1977, Meyer and Johnson 1983, Elwood et al. 1981, Suberkropp and Chauvet 
1995, Diez et al. 2002).  In addition, elevated temperature can stimulate higher microbial activity 
(Tank et al. 1993) and may result in faster decomposition of organic material in streams (Paul et 
al. 1978).  Watershed disturbances that alter these controlling features may influence 
decomposition of wood in streams (Golladay and Webster 1988). 

Streams in agricultural areas have elevated temperature and nutrients along with altered 
organic matter supply (Karr and Schlosser 1978).  Altered physicochemical conditions in 
agricultural streams may cause dramatically different organic matter processing, but studies 
involving organic matter dynamics in agricultural streams are few (but see Benfield et al. 1977).  
Agricultural streams do not receive the same amount or type of organic material from their 
catchments, and wood is often the only remaining allochthonous detritus in the system (Rabeni 
and Hoel 2000).  Therefore, the breakdown of wood in agricultural streams may be crucial to 
energy pathways that rely on allochthonous organic material.  In addition to current agricultural 
activity, historical agriculture has been linked to current properties of stream ecosystems 
(Harding et al. 1998).  Recovery of ecosystem function from historical influences requires that 
factors affecting these processes return to pre-disturbance conditions.  If physical and chemical 
properties bestowed by past agricultural activity persist following reforestation, stream 
ecosystem processes moderated by these properties may remain altered. 

Streams in the southern Appalachians have suffered from many anthropogenic insults 
over the past several centuries including mining, logging, and agriculture (Yarnell 1998).  
Agriculture in the region is now primarily pasture with small row-crop activities, primarily in 
bottomlands.  Because of recent changes in the socioeconomic and political landscape of the 
southern Appalachians, large areas are converting from agriculture to forested land cover (Wear 
and Bolstad 1998).  Many of these areas are undergoing suburban development along with 
reforestation on historically agricultural land (Wear and Bolstad 1998).  Benthic communities in 
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southern Appalachian streams have been related to current and historical agriculture (Harding et 
al. 1998), but the effects of reforestation on other properties of streams have not been studied.  I 
used spatial and temporal patterns of reforestation of agricultural land to determine the influence 
of historical and current agriculture on wood decomposition and microbial biofilm activity on 
wood in southern Appalachian streams. 

The objectives of this study were 1) to determine the effects of agriculture on stream 
physical and chemical conditions and to determine if streams in reforested areas show a legacy 
of historical agriculture, and 2) to compare wood breakdown and biofilm development in streams 
with different land-uses (current and historical) to assess the role of physical and chemical 
parameters in organic matter processes.  Elevated nutrients and temperature in agricultural 
streams should cause higher microbial activity on wood substrates, which should result in faster 
breakdown rates of wood in agricultural streams.  Furthermore, the legacy of historical 
agriculture might result in altered physical and chemical conditions in forested streams, which 
might affect organic matter processes despite catchment-scale reforestation. 
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Methods 
 

Study sites 
 
 Study streams (2nd and 3rd order) were located in the southern Appalachian Mountains of 
western North Carolina and southwestern Virginia, USA (Figure 1).  Headwater streams in the 
Blue Ridge physiographic province of the southern Appalachians are typically slightly acidic and 
have low conductivity and dissolved ion concentration reflecting granitic and micaceous parent 
lithology (Simmons and Heath 1979).  Forests in the region are maturing second-growth (logged 
~ 75-100 years ago) and are dominated by oak (Quercus spp.), yellow poplar (Liriodendron 
tulipifera), red maple (Acer rubrum), and white pine (Pinus strobus) with an understory of 
Rhododendron, mountain laurel (Kalmia latifolia), and dogwood (Cornus florida).  Agricultural 
activity across the region is mainly cattle pasture with isolated row crop (primarily tobacco and 
corn).  Agriculture occurs primarily in bottomland along streams, but many farmers have upland 
pastures.  Riparian zones along agricultural streams frequently lack woody vegetation entirely or 
are vegetated with a narrow strip of trees, particularly black walnut (Juglans nigra), river 
sycamore (Platanus occidentalis), black locust (Robinia pseudoacacia), red maple, and oak 
(Neatrour et al. 2004). 
 
 
Site selection and categorization 
 

A total of 30 streams from select regions of the southern Appalachians of North Carolina 
and Virginia were used following a specific site selection procedure.  I created a database of past 
land cover (% forest in 1950) and more recent land cover (1993) for watersheds in the southern 
Appalachians using a geographic information system (GIS).  Land cover data and watershed 
boundaries were obtained from Coweeta Hydrologic Laboratory for 4 counties: Grayson County, 
Virginia; Buncombe, Macon, and Madison Counties, North Carolina.  Land cover plots of 100 m 
width delineated riparian corridors for streams in each watershed with stream vectors centered in 
the plot (i.e., 50 m to each side of the stream) for the entire stream length.  Forest cover was 
determined for each watershed and associated riparian corridor by overlaying these spatial zones 
on a land cover map from each year and quantifying % forest cover. 

Site eligibility was restricted to watersheds with areas between 500 and 3000 ha and 
stream outlet elevations between 600 and 1000 m to help standardize for confounding factors 
(Resh et al. 1988).  I categorized these 500 watersheds into 6 groups based on the historical and 
current amount of forest in their watersheds.  Four categories were chosen to represent a gradient 
of extant agriculture with no change over time (FOR >98 % forest; AG-L 90-95 % forest; AG-M 
70-80 % forest; AG-H < 60 % forest).  Two categories were used to represent different stages of 
watershed recovery from agriculture by reforestation (REC-1 < 60 % forest in 1950 to > 80 % 
forest in 1993; REC-2 < 75 % forest in 1950 to > 90 % forest in 1993).  Streams of the REC-1 
category have undergone considerable reforestation (> 20 %) over the past 50 years, but they 
have less current forest cover than REC-2 streams.  Forest cover in riparian corridors was used to 
verify category assignment, and streams with riparian forest cover that was dramatically different 
than watershed category designations were not considered for our study.  Each category initially 
included 5 study streams based on site access, landowner cooperation, and on-site validation of 
category assignment.  For each chosen stream, final catchment characterization was calculated 
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for portions of the watershed up gradient of the specified study site.  These spatial zones were 
whole watershed, 100-m riparian corridor, and 100-m riparian corridors 1 and 2 km upstream of 
each sampling site.  Spatial restriction of land cover analysis to areas upstream of my study sites 
resulted in 2 sites having incorrect categories (see chapter 2 for more detailed explanation).  I 
changed the categories of one REC-1 site to AG-M and one AG-M site to AG-H.  This re-
categorization resulted in an unbalanced design (REC-1, n = 4 and AG-H, n = 6).  Figure 1 
shows the appropriate categories for each site based on principle component analysis. 
 
 
Physical and chemical characteristics 
 
 Physical and chemical characteristics were measured for each stream from November 
2000 to October 2001.  Most parameters (discharge, specific conductance, and water chemistry) 
were measured 6 times.  Triplicate water samples were collected semi-monthly from each site, 
filtered in the field using pre-soaked membrane filters (Whatman nylon, 0.45-µm pore size), and 
frozen before analysis.  Samples were analyzed for nitrate-nitrogen (NO3-N) and ortho-
phosphate (PO4-P) using a Dionex DX500 Ion Chromatograph (Dionex Corporation, Sunnydale, 
California) and ammonium-nitrogen (NH4-N) using the OPA fluorometric method (Holmes et al. 
1999).  Total dissolved inorganic nitrogen (DIN) was determined as the sum of NO3-N and NH4-
N.  Specific conductance was measured bi-monthly using a field probe (YSI Model 30/50 
conductivity meter).  Alkalinity was measured once at the beginning of the study using acid 
titration (APHA 1998).  Discharge was measured semi-monthly at each site using average 
velocity determined with an electronic flow meter (FLOW-MATE, Marsh-McBirney, Inc., 
Frederick, Maryland) and cross-sectional area.  Temperature was recorded every 6 hours during 
wood incubation (November 2000 through August 2001) using data loggers (HOBO Temp, 
Onset Corporation, Bourne, Massachusetts).  Temperature data were converted to daily means, 
which were then used to calculate cumulative degree-days (above 0ºC).  Physical variables 
measured once (watershed area, degree-days) were compared among forest cover categories 
using one-way ANOVA and sequential Bonferroni pair-wise comparisons.  Variables measured 
repeatedly were compared among forest cover categories using one-way repeated measures 
ANOVA and sequential Bonferroni pair-wise comparisons.  Variables not meeting assumptions 
of normality or homogeneity of variance were compared using ANOVA on Ranks with Dunn’s 
pair-wise comparisons.  All statistical analyses were performed in SAS version 8.0 (SAS 
Institute, Cary, NC). 
 
 
Wood breakdown and microbial biofilm respiration 
 

I cut white oak wood veneer into strips (2.5 cm x 15 cm, henceforth called sticks) and 
mounted 5 sticks onto plastic mesh (i.e., one set = 5 sticks) using cable ties (Tank and Webster 
1998).  Seven sets of sticks were anchored in each stream during autumn 2000 using a cable 
secured to a stake on the stream bank.  Sets were spaced approximately 0.5 m apart along the 
cable in each stream.  Twenty-five sticks were transported to each site and returned to the lab to 
serve as controls for handling losses and to determine initial ash-free dry mass (AFDM) and 
microbial respiration rates.  Sets of 5 sticks were retrieved periodically over the next 9 months 
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from each stream.  Stick sets were collected and placed into sealed containers filled with stream 
water, which were placed on ice for transport to the laboratory. 

The center section (4 cm x 2.5 cm) of each stick was removed for determination of 
respiration by the microbial biofilm. The remainder of each stick was dried (50°C) to constant 
weight and ashed at 500°C to determine AFDM.  Following the respiration assay, AFDM was 
determined for the center section each stick and added to AFDM values from the respective stick 
ends to determine total AFDM remaining for each stick.  Breakdown rate (k) was calculated for 
each stream by regressing the natural log of percent AFDM remaining against incubation time 
(Petersen and Cummins 1974).  Breakdown rates were calculated using days and degree-days to 
correct rates for potential temperature differences among the sites (Webster and Benfield 1986).  
Using degree-days did not improve the fit of decay models (no significant increase in r2), so I 
reported breakdown rates calculated by days.  Differences in k among land-use categories were 
determined using one-way ANOVA and sequential Bonferroni pair-wise comparisons. 

Microbial respiration was measured on sticks using a carbon dioxide production assay in 
the laboratory.  Each assay used 5 sticks per site along with a control for each stream (20 mL of 
filtered stream water with no wood).   Each stick was placed into a 40-mL EPA vial with 20 mL 
of filtered stream water from its respective stream.  Samples were equilibrated to incubation 
temperature (average ambient stream temperature on the retrieval date) in the dark prior to 
sealing the vials with Teflon-coated silicon caps.  Samples were then incubated in the dark for 18 
hours.  After incubation, a 1-mL gas sample was collected from the headspace of each vial and 
saved in pre-vacuumed borosilicate glass containers.  Gas samples were then analyzed for CO2 
using a gas chromatograph equipped with a thermal conductivity detector.  Headspace CO2 
concentrations were converted to water CO2 using Henry’s law and the depth and surface area of 
gas exchange in the vial.  CO2 concentrations were then corrected for filtered stream water 
controls.  Sticks used in the respiration assay were oven dried and ashed to determine AFDM.  I 
calculated microbial respiration rate by dividing control-adjusted CO2 production by stick 
surface area and AFDM.  Respiration values were compared using two-way ANOVA with time 
and land-use category as factors and streams as replicates.  I used linear regression to explore 
relationships between stream physicochemistry, breakdown rates, and biofilm respiration.  In 
addition, I quantified inorganic material on wood by subtracting AFDM from total dry weight 
and used this measurement as another possible factor affecting breakdown and biofilm 
respiration. 
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Results 
 

Land cover 
 

Percent forest cover was higher in 1993 than in 1950 in all categories, and % forest was 
lower in riparian corridors 1 and 2 km upstream of sampling sites than at a whole-watershed 
scale (Table 1).  Forest cover in the riparian corridor 1 km of the heavily forested (FOR) sites 
was > 95% in both 1950 and 1993, but riparian forest cover was < 30% both in 1950 and 1993 
for AG-H sites.  Forest cover increased from 1950 to 1993 in watersheds and riparian zones of 
both classes of recovering catchments (REC-1 and REC-2).  By 1993, % forest in the 100-m 
wide riparian corridor of the recovering catchments was 85.4% in REC-1 sites and 94.6% in 
REC-2 sites.  REC-1 sites also had lower % forest cover (66.4%) than REC-2 sites (84.4%) 
within the riparian area 1 km upstream of the study sites in 1993.  In 1950, riparian forest cover 1 
km upstream of REC-1 sites was only 29%, while REC-2 sites had 62.4% forest cover in the 
same zone, which suggests that REC-1 sites were historically more heavily influenced by 
agriculture than REC-2 sites. 
   
 
Physical and chemical characteristics 
 

Elevation among sites varied from 576 to 861 m and was not significantly different 
among categories (Table 2).  Watershed area varied from 320.5 to 2130.5 ha.  AG-L and AG-M 
watersheds were significantly (P < 0.05) larger than FOR and REC-2 watersheds.  Discharge was 
not significantly different among categories.  Mean discharge for each forest cover category was 
typically around 65 L / s but varied from 29 to 102 L / s among study sites.  Specific 
conductance varied from 11.9 to 98.4 µS / cm and was highest in AG-L streams.  Alkalinity 
varied from 4 to 21 mg CaCO3 / L among sites and was significantly lower in FOR streams 
compared with AG-M and AG-H streams. 

DIN varied from 21 to 1118 µg / L among sites and was significantly higher in AG-H 
streams than in FOR, AG-L, and REC-2 streams (Table 2).  DIN values for AG-M and REC-1 
streams fell between values for AG-H and REC-2 streams.  PO4-P varied from 3 µg / L to 25 µg / 
L among sites and did not differ significantly among categories.  Cumulative degree-days above 
0ºC from November 2000 to August 2001 varied from 2172 to 3218 among sites.  Degree-days 
were significantly higher in high agriculture (AG-H) and medium agriculture (AG-M) streams 
compared to long-term forested (FOR), low agriculture (AG-L), and reforested (REC-2) streams.  
Degree-days were significantly higher in slightly reforested (REC-1) streams than FOR streams, 
but the differences among REC-1 streams and other categories was not significant. 
 
 
Wood breakdown and microbial biofilm respiration 
 
 Wood breakdown rate varied from 0.0015 to 0.0076 d-1 among all sites.  Breakdown rates 
were slowest in FOR streams and fastest in REC-1 streams, but there were no significant 
differences among categories (Figure 2; ANOVA, P = 0.341).  Biofilm respiration increased with 
time in the stream on all wood substrates (Figure 3; two-way ANOVA, P < 0.001), but 
respiration did not differ among land-use categories, either overall or within months.  Respiration 
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on wood not incubated in the streams was negligible (0.000001 mg CO2 g AFDM-1 h-1), and 
respiration in all months was higher than initial conditions.  Respiration was significantly higher 
in April, June, and August compared to January and was significantly higher than April in June 
only (Figure 3; two-way ANOVA, P < 0.05).  Within categories, respiration was significantly 
lower in January than in April, June, and August for all categories except AG-H.  Mean 
respiration in AG-H streams more than doubled from January (0.0439 mg CO2 g AFDM-1 h-1) to 
August (0.0975 mg CO2 g AFDM-1 h-1), but this difference was not significant. 

Neither breakdown rates nor respiration rates were correlated with land-use at any time or 
spatial scale.  Furthermore, breakdown rates and respiration rates were not significantly related 
to nutrients or temperature.  However, biofilm respiration activity could be used to predict 
breakdown rate (Figure 4; r2 = 0.504, P < 0.001), suggesting that microbes play a critical role in 
determining rate of wood breakdown.  The amount of inorganic material accumulated on wood 
substrates was not significantly different among land-use categories but was negatively 
correlated with both breakdown rate (Figure 5; r2 = 0.317, P = 0.001) and biofilm respiration 
(Figure 5; r2 = 0.347, P < 0.001). 
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Discussion 
 

Physical and chemical responses to land use 
 
 Streams showed elevated nutrients and temperature in response to historical and current 
agriculture.  Streams in different categories were not significantly different in elevation or 
discharge making land use the factor likely to have caused physical and chemical differences in 
streams.  Other studies have demonstrated elevated nutrients and temperature in agricultural 
streams (e.g., Karr and Schlosser 1978, Peterjohn and Correll 1984, Lowrance et al. 1985).  
Historical agriculture had a persistent effect on water chemistry but not on water thermal regime.  
DIN concentrations in recovering streams were between values for streams with medium and 
low amounts of agriculture in their catchments, which suggests that nutrient concentrations 
might be declining in reforesting streams.  However, elevated nutrients in streams have been 
observed decades following logging in the southern Appalachians (Swank and Vose 1997).  
Forest development in historically agricultural watersheds was likely dense enough to shade 
streams resulting in lower stream temperatures than agricultural streams.  Swift (1983) showed 
that stream temperature recovers quickly (within 5 years) during reforestation from clear-cutting.  
However, reforestation on abandoned agriculture generally takes longer than reforestation from 
logging because soils are compacted by livestock or farm machinery (Myster and Pickett 1994).  
Fifty years appears to be enough time for streams to establish a pre-agriculture temperature 
regime as a result of reforestation. 
 
 
Wood breakdown and microbial biofilm respiration 
 
 Breakdown rates in this study (0.0015-0.0076 d-1) were similar to other studies using 
wood veneer to assess breakdown in streams of the southern Appalachians (Tank and Webster 
1998, Simon and Benfield 2001) but were much faster than breakdown of natural sticks 
(Golladay and Webster 1988, Webster et al. 1999).  Accelerated breakdown of wood veneers has 
been attributed to the high surface area: volume ratio compared with natural sticks or larger 
wood pieces (Tank and Webster 1998).  Other studies have found that wood size affects 
breakdown rate (e.g., Melillo et al. 1983, Sinsabaugh et al. 1992, Diez et al. 2002).  The wood 
veneer breakdown rates reported here were much faster than those found using small sticks in 
southern Appalachian streams (e.g., Webster et al. 1999) but serve as a comparison of organic 
matter dynamics among land-use categories.  Furthermore, microbial biofilm respiration in my 
study (1 - 4 µg CO2 cm-2 h-1) was similar to values reported for other studies using veneers (~ 4 
µg CO2 cm-2 h-1; Tank and Webster 1998) but was higher than natural wood substrates (~ 0.35 µg 
CO2 cm-2 h-1; Tank et al. 1993).  At the same time, biofilm respiration reported from wood 
veneers in cave streams was approximately 2x higher than values reported here (Simon and 
Benfield 2001). 
 
 
Factors controlling breakdown rate and microbial respiration 
 

Higher nutrient concentrations and temperature were expected to stimulate microbial 
activity and hence increase breakdown rate because microbes are primarily responsible for wood 
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breakdown in streams (Sinsabaugh et al. 1992).  Agricultural streams did have higher DIN 
concentrations and accumulated more degree-days during wood incubation than forested 
streams.  However, neither wood breakdown nor biofilm respiration was correlated with nutrient 
concentration or temperature.  Increased microbial activity on organic matter has been linked to 
higher ambient nutrient concentrations (Howarth and Fisher 1976, Tank and Webster 1998), and 
nutrient concentration has been linked to organic matter breakdown rates (Elwood et al. 1981, 
Suberkropp and Chauvet 1995, Diez et al. 2002).  Meyer and Johnson (1983) found faster leaf 
breakdown due to increased nitrate concentrations in a stream reforested from experimental 
agriculture.  Other studies have documented that increasing temperature can result in higher 
microbial activity on organic matter (Tank et al. 1993) and faster organic matter breakdown 
(Paul et al. 1978, Short and Ward 1980).  Data from the present study do not support the role of 
nutrient availability or temperature in biofilm activity or organic matter breakdown because 
agricultural streams had higher nutrients and temperature but similar biofilm respiration and 
wood breakdown rates. 
 While little evidence linked organic matter dynamics to extrinsic features like nutrient 
concentration or temperature, there was a strong relationship between wood breakdown rate and 
biofilm respiration suggesting that microbial activity determines breakdown rate.  Many of the 
sticks collected, especially from agricultural streams, were covered in silt and fine sand, and this 
material did not wash off prior to the respiration assay.  In fact, amount of inorganic material 
accumulated on wood was the only physical or chemical variable correlated with breakdown rate 
and biofilm respiration.  Increased sediment transport and deposition is one of the primary 
influences of agriculture on streams (Waters 1995), and research has shown reduced breakdown 
rates of organic matter as a result of burial in sediment (Herbst 1980, Rounick and Winterbourn 
1983).  Webster and Waide (1982) blamed sedimentation from road construction for slower 
breakdown of leaves in logged watersheds at Coweeta Hydrological Laboratory.  In addition, 
leaf breakdown was slower in streams with smaller substrate particle size as a result of human-
influence (Sponseller and Benfield 2001).  My findings of slower microbial respiration and wood 
breakdown associated with accumulations of fine sediment on wood agree with these studies and 
suggest that sediment deposition may have more influence on organic matter dynamics in 
streams severely influenced by agriculture. 

From this observation, agriculture may have two potential, and conflicting, influences on 
organic matter processing in streams.  Agriculture can increase nutrients and temperature in 
streams, which can cause higher microbial biofilm activity and faster breakdown.  Conversely, 
agricultural streams can carry a high sediment load, which may accumulate on biofilms, reduce 
microbial activity, and slow breakdown.  Sediment accumulation on biofilms is likely to reduce 
of eliminate the supply of water, dissolved nutrients, and oxygen (Herbst 1980).  Indeed, many 
sticks retrieved from streams were blackened and smelled of hydrogen sulfide indicating the 
presence of anoxic conditions on the wood surface.  Biofilms typically exist within a 
polysaccharide matrix that protects microbes, facilitates intercellular communication, and allows 
for extracellular enzyme activity (Lock 1993, Ben-Ari 1999).  This matrix may create a sticky 
surface on wood that facilitates the trapping of sediment particles in transport in streams (see 
Peterson 1986), thereby degrading conditions for wood breakdown.  In addition to physical and 
chemical effects of agriculture, agricultural streams may have reduced abundance of shredder 
invertebrates (Benfield et al. 1977), which could potentially slow breakdown of organic matter if 
shredders play in important role (e.g., leaves).  However, microbial biofilm activity was fast 
enough to facilitate leaf breakdown in an agricultural stream despite low shredder abundance 
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(Benfield et al. 1977).  Shredder abundance was much lower in agricultural streams than forested 
streams (see chapter 2), but shredder abundance was not related to breakdown rate (data not 
shown), and shredder activity was not evident from inspection of sticks upon retrieval. 
 
 
Utility of wood breakdown to assess stream ecosystem integrity 
 

In recent years, investigations of human influence on ecosystems have gone beyond 
assessing the structure of communities and are now considering process rates as integral 
components of ecosystem integrity (Bunn and Davies 2000, Gessner and Chauvet 2002).  While 
ecosystem processes are critical for defining a “healthy” ecosystem, incorporating them into 
assessment protocols relies on several factors.  In order for a metric to be useful to 
bioassessment, it must have 1) a predictable directional response to human disturbance; 2) a 
gradient response (i.e., larger disturbance, larger response); 3) low variability within reference 
conditions; 4) sensitivity to different types of stresses; and 5) simple measurement and 
interpretation (Karr and Chu 1997, Smith and Voshell 1997).  Leaf breakdown in streams has 
been extensively studied and may be suitable to incorporate into bioassessment protocols 
(Gessner and Chauvet 2002).  Studies of wood in human-influenceed streams may integrate 
influences over longer periods than leaves because wood is a longer-lasting organic component 
in streams.  Further, wood may be a more appropriate component to address given the potential 
for land use to alter the supply of more ephemeral resources, such as leaves. 

Gessner and Chauvet (2002) recommended incorporating leaf breakdown into 
bioassessment protocols and suggested ranges of acceptable breakdown rates to indicate healthy 
or impaired systems.  Leaf breakdown has been the subject of extensive study (see reviews by 
Anderson and Sedell 1979, Webster and Benfield 1986, Boulton and Boon 1991).  Leaf 
breakdown and the factors controlling it are understood well enough for scientists to begin 
recognizing rates that deviate dramatically from “normal.”  On the other hand, wood breakdown 
is not as well understood.  Do wood dynamics show similar promise as useful for bioassessment 
in streams?  Much previous research about wood in streams focused on the role it plays as a 
structural feature (e.g., Bilby and Likens 1980, Harmon et al. 1986), but fewer studies have 
explored wood breakdown, particularly in anthropogenically-altered systems.  Based on the 
present study, agricultural streams had higher nutrients and temperature suggesting higher 
microbial biofilm activity and faster breakdown.  However, agricultural streams also have high 
sediment loads, which may inhibit microbial activity on wood substrates.  With these offsetting 
influences, agriculture showed no net influence on wood breakdown because the stimulation 
from temperature and nutrients is offset by the accumulation of fine inorganic material on the 
wood.  Organic matter dynamics in human altered systems might include a mosaic of rapidly 
processed material (i.e., leaves), which relies more heavily on macroinvertebrate activity for 
breakdown, and slowly processed material (i.e., wood), which relies on microbial processes for 
breakdown.  Considering decomposition of different types of organic matter along this 
processing spectrum might provide insight into how different factors that control organic matter 
processes are influenced by land use and ultimately how humans influence organic matter 
processes. 
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Table 1. Historical and current forest cover (%) at different spatial scales for streams in each 
forest cover category.  Percent forest cover of sites in “extant” categories has remained constant 
since 1950, and sites in “recovering” categories are in different stages of reforestation.  Lateral 
spatial scale is indicated by WS (whole watershed) or RIP (100-m riparian corridor).  Extent 
refers to longitudinal spatial scale.  Values are means for each category " 1 SE. 
 

Spatial scale  Extant Recovering 

Lateral Extent Year FOR AG-L AG-M AG-H REC-1 REC-2 

WS 
 

Whole catchment 
 

1950 
 

99.9 " 
0.1 

87.5 " 
3.0 

60.0 " 
6.3 

52.7 " 
6.5 

79.6 " 
5.2 

77.6 " 
7.8 

WS 
 

Whole catchment 
 

1993 
 

99.3 " 
0.3 

94.9 " 
1.9 

83.6 " 
2.8 

74.1 " 
4.8 

94.9 " 
1.0 

94.8 " 
1.1 

RIP 
 

Whole stream 
 

1950 
 

99.8 " 
0.2 

84.2 " 
3.1 

42.0 " 
8.0 

29.3 " 
3.8 

57.5 " 
8.4 

75.5 " 
6.9 

RIP 
 

Whole stream 
 

1993 
 

99.9 " 
0.1 

96.3 " 
0.9 

72.2 " 
5.2 

58.4 " 
2.3 

85.4 " 
3.0 

94.6 " 
2.0 

RIP 
 

2 km corridor 
 

1950 
 

99.7 " 
0.3 

74.6 " 
3.8 

13.7 " 
4.7 

11.3 " 
5.1 

40.4 " 
11.6 

71.7 " 
6.1 

RIP 
 

2 km corridor 
 

1993 
 

96.8 " 
1.2 

89.2 " 
3.0 

47.7 " 
5.2 

32.2 " 
6.6 

76.7 " 
4.9 

91.2 " 
1.4 

RIP 
 

1 km corridor 
 

1950 
 

99.1 " 
0.9 

58.6 " 
12.2 

12.6 " 
3.8 9.6 " 3.5 29.0 " 

11.7 
62.4 " 

6.3 

RIP 
 

1 km corridor 
 

1993 
 

96.6 " 
1.3 

78.1 " 
12.1 

43.8 " 
4.2 

25.5 " 
7.5 

66.4 " 
4.9 

84.4 " 
3.7 
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Table 2.  Physical and chemical characteristics of study sites by forest cover category.  Values 
are means with standard errors in parentheses.  Means with different superscripts are 
significantly different (P < 0.05).  Discharge, specific conductance, dissolved inorganic nitrogen 
(DIN), and phosphorus (PO4-P) were measured semi-monthly at each site from November 2000 
to August 2001. 
 
 Extant Recovering 
 FOR 

(n = 5) 
AG-L 
(n = 5) 

AG-M 
(n = 5) 

AG-H 
(n = 6) 

REC-1 
(n = 4) 

REC-2 
(n = 5) 

Elevation 
(m) 

767 
(25) 

710 
(44) 

641 
(32) 

676 
(24) 

754 
(45) 

776 
(37) 

Watershed area1 
(ha) 

617.6 a 
(149.1) 

1403.2 bc 
(175.0) 

1842.5 c 
(92.0) 

1311.8 abc 
(247.4) 

667.0 ab 
(154.2) 

599.8 a 
(166.5) 

Discharge 
(L / s) 

69.6 
(4.2) 

91.7 
(3.9) 

63.6 
(7.6) 

62.1 
(10.4) 

66.6 
(9.1) 

62.9 
(6.2) 

Specific conductance2 
(µS / cm) 

20.1 a 
(2.8) 

72.1 c 
(9.0) 

31.6 ab 
(4.8) 

38.0 ab 
(4.0) 

58.7 bc 
(10.9) 

52.9 bc 
(10.0) 

Alkalinity3 
(mg CaCO3 / L) 

5.4 a 
(0.5) 

7.4 ab 
(1.3) 

13.0 b 
(1.5) 

13.7 b 
(2.4) 

11.5 ab 
(1.6) 

10.6 ab 
(1.1) 

DIN2 
(µg / L) 

93 a 
(34) 

109 a 
(37) 

420 ab 
(127) 

643 b 
(111) 

287 ab 
(90) 

244 a 
(55) 

PO4-P 
(µg / L) 

4 
(1) 

8 
(4) 

11 
(4) 

8 
(2) 

11 
(3) 

10 
(3) 

Degree-days1 

 
2543 a 
(62) 

2600 ab 
(109) 

3013 c 
(88) 

3158 c 
(117) 

2844 bc 
(88) 

2546 ab 
(49) 

 

1Differences determined with ANOVA and sequential Bonferroni pair-wise comparisons. 
2Differences determined with RM ANOVA and sequential Bonferroni pair-wise comparisons 
3Differences determined with ANOVA on ranks and Dunn’s pair-wise comparisons. 
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Figure captions 
 

Figure 1.  Map showing study sites in relation to the area of the southern Appalachian portion of 
the Blue Ridge physiographic province (inset).  Study sites are categorized according to 
historical and current forest cover. 
 
Figure 2.  Mean breakdown rates of wood in each forest cover category (+ 1 SE).  Forest cover 
of sites in “extant” categories has remained relatively constant since 1950, and sites in 
“recovering” categories are in different stages of reforestation.  Breakdown rates were not 
significantly different among categories (one-way ANOVA, P > 0.05). 
 
Figure 3.  Respiration rates of microbial biofilm on wood after incubation in streams expressed 
per unit mass of wood (mg CO2 AFDM-1 h-1).  Day 0 corresponded to date wood was deployed 
in the streams (1-4 December 2000).  Retrievals were made in January, April, June, and August 
2001.  Respiration rates for day 0 were determined using handling loss controls, and other values 
are means " 1 SE for each category on each sampling date. 
 
Figure 4.  Breakdown rates (d-1) as a function of microbial biofilm respiration (mg CO2 g 
AFDM-1 h-1) on the last wood retrieval.  Relationships were analyzed using simple linear 
regression. 
 
Figure 5.  Breakdown rates (d-1) and microbial biofilm respiration (mg CO2 g AFDM-1 h-1) as a 
function of the amount of inorganic sediment (mg / cm2) accumulated on wood substrates during 
incubation in streams. 



 102
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CHAPTER 5 
 
Synthesis 
 
 Resistance and resilience determine how stable an ecosystem will be when confronted 
with a disturbance (Holling 1973, Webster et al. 1975).  Stream ecosystems are generally thought 
to have low resistance but high resilience to disturbances (Webster et al. 1983, Fisher 1990).  
However, different properties of streams might be more resistant or resilient than others, and the 
nature of the disturbance might affect the stability of different properties of streams.  Agriculture 
is a disturbance at broad spatial and temporal scales and impacts streams through several 
different pathways.  Therefore, it seems reasonable to think that different stream properties will 
respond to agricultural disturbance more or less severely (be more or less resistant) and that these 
different impacts from agriculture will recovery at different rates (be more or less resilient). 

I attempted to measure a number of variables in streams that are likely to be impacted by 
agriculture activity and that may or may not have recovered from historical agriculture through 
watershed reforestation.  I have summarized the responses (positive or negative) to and recovery 
from (yes or no) agriculture of these variables in Table 1.  In addition, I have designated how 
each variable imparts stability of stream ecosystems to agricultural disturbance by stating 
whether each variable is resistant or resilient to agriculture based on data from my study.  
Variables that responded to the gradient of agriculture represented by the study sites are 
considered to be low in resistance.  Variables that are not resistant but that showed recovery (i.e., 
similar among long-term forested and reforested categories) are considered resilient.  Variables 
that responded to the gradient of agriculture and did not demonstrate recovery were considered to 
be neither resistant nor resilient. 

Agriculture impacted stream chemistry and physical structure.  Agricultural streams had 
higher cumulative degree-days, higher PAR, higher nutrient and seston concentrations, more 
suspended sediment, and smaller median substrate particle size (with more sand and silt) when 
compared to long-term forested streams.  Of these variables, only temperature and light 
recovered from historical agriculture while the other variables reflected the agricultural histories 
of their watersheds despite reforestation.  Some biological parameters were also affected by 
agricultural land use.  Agricultural streams had higher chlorophyll a concentrations, slightly 
lower macroinvertebrate diversity (measured by diversity indices), fewer detritivorous 
invertebrates, and more pollution-tolerant invertebrates than long-term forested streams.  
Agriculture did not seem to affect macroinvertebrate density in our study.  All of the measured 
properties of biological community structure were similar between reforested and long-term 
forested streams indicating that these variables recovered from historical agriculture.  Agriculture 
had variable impacts on ecosystem processes.  Agricultural streams had higher primary 
production and P/R ratios than long-term forested streams, but both of these properties appear to 
have recovered from historical agriculture.  Ecosystem respiration was not affected by 
agriculture.  Wood breakdown and microbial biofilm respiration were highly variable among 
sites and, as a result, were inconclusive in their response to agriculture.  Interestingly, these two 
parameters were strongly related to each other leading me to think that microbial biofilm activity 
controls wood breakdown.  Microbial biofilm activity was strongly correlated with sediment 
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accumulations on wood substrates, but these sediment accumulations showed little pattern 
related to agricultural activity, despite strong links between agriculture and suspended sediment, 
substrate size, and fine substrate amounts.  Based on the wood breakdown and biofilm activity 
results, I think agriculture might stimulate wood breakdown through higher temperature and 
nutrients but that this effect only holds if biofilms on wood remain free of sediment 
accumulations. 

Therefore, my study showed that agriculture impacts a multitude of variables in streams 
but that these impacts are not permanent with respect to biological community structure or 
ecosystem processes.  The longest lasting effects of agriculture on streams in the southern 
Appalachians were higher sediment transport, changes in stream substrate, and altered water 
chemistry.  Properties of streams related to shading by vegetation (water temperature, light, 
chlorophyll concentrations, GPP) all were higher in agricultural streams but returned to pre-
disturbance levels.  Biological communities likely recovered from historical agriculture because 
their food resources returned to pre-agricultural conditions (i.e., allochthonous detritus instead of 
algal production).  The impacts of agriculture on organic matter dynamics were unclear, but the 
link between microbial activity and organic matter decay was supported.  In addition, most 
properties in the stream affected by agriculture were most strongly related to riparian-scale land 
use.  Coupled with the recovery of shade-related stream properties and subsequent recovery of 
biological community structure, this suggests that development and maintenance of streamside 
forests might be an extremely effective mechanism for mitigating the effects of agriculture on 
streams in the southern Appalachians. 
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Table 1.  Summary of variables measured in my study (physicochemical variables, components 
of biological structure, and ecosystem processes), their response to agriculture, whether they 
recovered from agriculture, and how these patterns indicate ecosystem stability parameters. 
 
Variable Response to agriculture? Recovery? Stability 

Temperature Y, higher degree days Y Resilient 

Light Y, higher PAR Y Resilient 

Nutrients Y, higher N concentration N Neither 

Seston quantity Y, higher seston concentration N Neither 

Seston quality Y, more inorganic sediment N Neither 

Substrate size Y, smaller substrate size N Neither 

In-stream habitat Y, more sand and silt N Neither 

Chlorophyll Y, higher chl a concentration Y Resilient 

Invertebrate density N -- Resistant 

Invertebrate diversity Y/N, depends on metric Y Both 

Invertebrate trophic structure Y, fewer shredders Y Resilient 

Invertebrate pollution tolerance Y, more tolerant Y Resilient 

Primary production Y, higher GPP and P/R Y Resilient 

Ecosystem respiration N -- Resistant 

Wood breakdown ? ? ? 

Microbial biofilm respiration ? ? ? 
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APPENDIX A 

General site information 
 
 
This appendix contains a table with geographic information for each study site including site 
code, stream name, major river basin, county, state, latitude, longitude, and landownership.  
Landowners listed with names were contacted and informed about the study as it progressed.  
Public access was inferred if I could not contact someone for a site or if the site was along a road 
outside of fences. 
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Site Code Stream Name Basin County State Latitude Longitude 
FOR 1 Bournes Branch New Grayson VA 36º46’07”N 81º00’34”W 
FOR 2 Corner Rock Creek FB Madison NC 35º45’23”N 82º22’49”W 
FOR 3 Avery Creek FB Transylvania NC 35º18’36”N 82º44’47”W 
FOR 4 Jones Creek LT Macon NC 35º05’03”N 83º27’43”W 
FOR 5 Ball Creek LT Macon NC 35º02’43”N 83º26’48”W 
AG-L 1 Ripshin Creek New Grayson VA 36º41’46”N 81º24’29”W 
AG-L 2 Little Laurel Creek FB Madison NC 35º58’35”N 82º45’17”W 
AG-L 3 Roaring Fork, NWM FB Madison NC 35º48’56”N 82º53’46”W 
AG-L 4 North Prong Ellijay Creek LT Macon NC 35º12’19”N 83º16’04”W 
AG-L 5 Tessentee Creek LT Macon NC 35º04’17”N 83º19’11”W 
AG-M 1 Knob Fork New Grayson VA 36º43’51”N 81º05’10”W 
AG-M 2 East Fork Bull Creek FB Madison NC 35º50’22”N 82º36’49”W 
AG-M 3 Little Pine Creek FB Madison NC 35º45’45”N 82º45’26”W 
AG-M 4 Caler Creek LT Macon NC 35º16’06”N 83º23’26”W 
AG-M 5 Skeenah Creek LT Macon NC 35º06’41”N 83º23’22”W 
AG-H 1 Rock Creek New Grayson VA 36º39’03”N 81º06’21”W 
AG-H 2 West Fork Bull Creek FB Madison NC 35º50’35”N 82º36’54”W 
AG-H 3 Paint Fork FB Buncombe NC 35º46’09”N 82º27’26”W 
AG-H 4 Newfound Creek FB Buncombe NC 35º36’03”N 82º44’15”W 
AG-H 5 Gouches Branch FB Buncombe NC 35º38’22”N 82º40’31”W 
AG-H 6 Gap Creek FB Buncombe NC 35º29’51”N 82º25’30”W 
REC-1 1 Terry Fork FB Madison NC 35º49’11”N 82º27’21”W 
REC-1 2 Roaring Fork, BLA FB Madison NC 35º55’16”N 82º34’59”W 
REC-1 3 Lisenbee Creek FB Madison NC 35º57’46”N 82º39’31”W 
REC-1 4 Shope Creek LT Macon NC 35º03’59”N 83º24’22”W 
REC-2 1 Little Fox Creek New Grayson VA 36º39’31”N 81º17’42”W 
REC-2 2 Little Foster Creek FB Madison NC 35º55’44”N 82º36’49”W 
REC-2 3 Meadow Fork FB Madison NC 35º45’39”N 82º55’51”W 
REC-2 4 Rocky Fork FB Buncombe NC 35º32’38”N 82º22’57”W 
REC-2 5 Little Ellijay Creek LT Macon NC 35º11’42”N 83º16’27”W 
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Site Code Stream Name Landowner 
FOR 1 
 

Bournes Branch 
 

Washington-Jefferson National Forest, Mount Rogers 
National Recreation Area 

FOR 2 Corner Rock Creek Pisgah National Forest, Pisgah Ranger District 
FOR 3 Avery Creek Pisgah National Forest, Highlands Ranger District 
FOR 4 Jones Creek Nantahala National Forest, Wayah Ranger District 
FOR 5 
 

Ball Creek 
 

Nantahala National Forest, Coweeta Hydrologic 
Laboratory 

AG-L 1 Ripshin Creek Public access along road 
AG-L 2 Little Laurel Creek Dorothy Cook and Fred Shelton, Belva, North Carolina 
AG-L 3 Roaring Fork, NWM Public access along road 
AG-L 4 North Prong Ellijay Creek Public access along road 
AG-L 5 Tessentee Creek Public access along road 
AG-M 1 Knob Fork David Snow, Spring Valley, Virginia 
AG-M 2 East Fork Bull Creek Public access along road 
AG-M 3 Little Pine Creek Public access along road 
AG-M 4 Caler Creek Eula Holbrook, Cowee, North Carolina 
AG-M 5 Skeenah Creek Public access along road 
AG-H 1 Rock Creek Rebecca Bullock, Independence, Virginia 
AG-H 2 West Fork Bull Creek Jim Clark, Petersburg, North Carolina 
AG-H 3 Paint Fork Ed Maney, Democrat, North Carolina 
AG-H 4 Newfound Creek Barry Bowlin, Newfound, North Carolina 
AG-H 5 Gouches Branch Public access along road 
AG-H 6 Gap Creek Paul Blevius, Fairview, North Carolina 
REC-1 1 Terry Fork Public access along road 
REC-1 2 Roaring Fork, BLA Public access along road 
REC-1 3 Lisenbee Creek Public access along road 
REC-1 4 Shope Creek Public access along road 
REC-2 1 Little Fox Creek David C. Parsons, Independence, Virginia 
REC-2 2 Little Foster Creek Adele Riddle, Easley, South Carolina 
REC-2 3 Meadow Fork Tony Plemmons, Trust, North Carolina 
REC-2 4 Rocky Fork Public access along road 
REC-2 5 Little Ellijay Creek Public access along road 
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APPENDIX B 

Benthic macroinvertebrate data 
 
 
This appendix contains densities (no./m2) for each macroinvertebrate taxon collected at each site.  
The appendix is separated by land cover categories in the following order: FOR, AG-L, AG-M, 
AG-H, REC-1, REC-2.  Insect taxa are arranged phylogenetically followed by non-insect taxa.  
In most cases, family is in the first column with genus in the second, but non-insect taxa are 
shown with the appropriate taxon in the first and columns (phylum, class, or order). 



 115

 
 Forested (FOR) Streams 
 1 2 3 4 5 

Order Collembola    
Isotomidae  0.0 0.0 0.0 3.9 0.0 
    
Order Ephemeroptera   
Ameletidae Ameletus 3.9 3.9 1.0 0.0 2.9 
Baetidae Acentrella 11.8 482.4 84.5 702.0 2.0 
Baetidae Baetis 34.3 3.9 12.5 0.0 89.2 
Baetiscidae Baetisca 0.0 0.0 0.0 0.0 0.0 
Ephemerellidae Drunella 0.0 15.7 85.7 17.6 12.7 
Ephemerellidae Ephemerella 202.0 102.0 363.1 186.3 104.9 
Ephemerellidae Eurylophella 0.0 0.0 0.0 0.0 0.0 
Ephemerellidae Serratella 54.9 0.0 19.8 14.7 0.0 
Ephemeridae Ephemera 2.9 0.0 0.0 3.9 0.0 
Heptageniidae Cinygmula 379.4 128.4 462.9 146.1 14.7 
Heptageniidae Epeorus 162.7 113.7 143.1 108.8 64.7 
Heptageniidae Leucrocuta 69.6 0.0 41.6 0.0 2.9 
Heptageniidae Rhithrogena 0.0 0.0 0.0 0.0 0.0 
Heptageniidae Stenacron 10.8 8.8 2.0 7.8 1.0 
Heptageniidae Stenonema 71.6 21.6 52.0 14.7 7.8 
Isonychiidae Isonychia 0.0 0.0 0.0 0.0 0.0 
Leptophlebiidae Paraleptophlebia 176.5 79.4 112.2 44.1 11.8 
    
Order Odonata    
Calopterygidae Hataerina 0.0 0.0 0.0 0.0 0.0 
Gomphidae Lanthus 3.9 5.9 6.3 5.9 11.8 
Gomphidae Ophiogomphus 0.0 0.0 0.0 0.0 0.0 
Gomphidae Stylogomphus 0.0 0.0 0.0 0.0 0.0 
    
Order Plecoptera    
Capniidae  0.0 1.0 0.0 0.0 0.0 
Chloroperlidae Alloperla 0.0 0.0 0.0 0.0 0.0 
Chloroperlidae Haploperla 37.3 4.9 4.3 0.0 8.8 
Chloroperlidae Sweltsa 61.8 0.0 10.6 0.0 0.0 
Leuctridae Leuctra 69.6 177.5 181.8 192.2 115.7 
Nemouridae Amphinemura 60.8 5.9 12.7 34.3 27.5 
Nemouridae Prostoia 0.0 0.0 0.0 0.0 0.0 
Peltoperlidae Tallaperla 0.0 2.0 3.9 52.0 76.5 
Perlidae Acroneuria 16.7 13.7 4.3 3.9 8.8 
Perlidae Agnetina 0.0 0.0 0.0 0.0 0.0 
Perlidae Beloneuria 0.0 0.0 15.1 0.0 0.0 
Perlidae Paragnetina 0.0 0.0 0.0 0.0 0.0 
Perlodidae Cultus 0.0 0.0 0.0 0.0 0.0 
Perlodidae Diploperla 0.0 0.0 0.0 13.7 0.0 
Perlodidae Isogenoides 0.0 0.0 0.0 0.0 0.0 
Perlodidae Isoperla 19.6 10.8 58.8 50.0 15.7 
Perlodidae Malirekus 0.0 0.0 0.0 2.9 0.0 
Perlodidae Remenus 0.0 0.0 0.0 0.0 0.0 
Perlodidae Yugus 0.0 3.9 3.9 0.0 1.0 
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Pteronarcyidae Pteronarcys 7.8 12.7 75.5 85.3 10.8 
    
Order Hemiptera    
Hebridae Merragata 0.0 0.0 0.0 0.0 0.0 
    
Order Megaloptera    
Corydalidae Corydalus 0.0 0.0 0.0 0.0 0.0 
Corydalidae Nigronia 1.0 0.0 0.0 0.0 0.0 
    
Order Trichoptera    
Brachycentridae Brachycentrus 0.0 0.0 0.0 0.0 0.0 
Brachycentridae Micrasema 12.7 0.0 11.2 0.0 0.0 
Glossosomatidae Agapetus 0.0 42.2 22.7 5.9 0.0 
Glossosomatidae Glossosoma 0.0 0.0 3.9 0.0 0.0 
Glossosomatidae Matrioptila 0.0 0.0 0.0 0.0 0.0 
Goeridae Goera 2.9 4.9 0.0 0.0 0.0 
Goeridae Goerita 1.0 0.0 0.0 0.0 0.0 
Hydropsychidae Cheumatopsyche 7.8 2.9 2.4 0.0 0.0 
Hydropsychidae Diplectrona 20.6 31.4 19.8 69.6 45.1 
Hydropsychidae Hydropsyche 3.9 5.9 0.0 0.0 3.9 
Hydropsychidae Parapsyche 0.0 0.0 0.0 0.0 0.0 
Hydroptilidae Hydroptila 0.0 0.0 2.4 0.0 0.0 
Hydroptilidae Leucotrichia 0.0 0.0 0.0 0.0 0.0 
Lepidostomatidae Lepidostoma 0.0 0.0 0.0 3.9 7.8 
Leptoceridae Oecetis 0.0 0.0 0.0 0.0 0.0 
Leptoceridae Setodes 0.0 0.0 0.0 0.0 0.0 
Limnephilidae Hydatophylax 0.0 1.0 0.0 0.0 0.0 
Limnephilidae Pycnopsyche 0.0 0.0 0.0 0.0 0.0 
Odontoceridae Psilotreta 1.0 0.0 0.0 0.0 0.0 
Philopotamidae Dolophilodes 0.0 0.0 0.0 11.8 0.0 
Polycentropodidae Polycentropus 2.9 19.6 15.5 19.6 32.4 
Polycentropodidae Neureclipsis 6.9 0.0 2.4 0.0 0.0 
Psychomyiidae Lype 0.0 0.0 0.0 7.8 0.0 
Psychomyiidae Psychomyia 0.0 0.0 6.3 0.0 0.0 
Rhyacophilidae Rhyacophila 3.9 13.7 272.2 29.4 8.8 
Uenoidae Neophylax 0.0 15.7 12.5 6.9 4.9 
    
Order Lepidoptera    
Noctuidae  0.0 0.0 0.0 0.0 1.0 
    
Order Coleoptera    
Dryopidae Helichus 0.0 0.0 0.0 0.0 0.0 
Elmidae Ancyronyx 0.0 0.0 0.0 0.0 0.0 
Elmidae Dubiraphia 0.0 0.0 0.0 0.0 0.0 
Elmidae Macronychus 0.0 0.0 0.0 0.0 0.0 
Elmidae Optioservus 13.7 237.3 314.9 21.6 48.0 
Elmidae Oulimnius 194.1 273.5 353.7 273.5 121.6 
Elmidae Promoresia 0.0 0.0 8.8 0.0 4.9 
Elmidae Stenelmis 0.0 0.0 0.0 0.0 1.0 
Psephenidae Ectopria 11.8 0.0 4.9 15.7 5.9 
Psephenidae Psephenus 27.5 3.9 0.0 0.0 0.0 
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Ptilodactylidae Anchytarsus 0.0 0.0 0.0 0.0 0.0 
Staphylinidae Thinobius 0.0 1.0 0.0 0.0 0.0 
    
Order Diptera    
Athericidae Atherix 0.0 0.0 0.0 14.7 0.0 
Blephariceridae Blepharicera 27.5 4.9 55.3 0.0 0.0 
Cecidomyiidae  0.0 0.0 2.4 0.0 0.0 
Ceratopogonidae Atrichopogon 0.0 0.0 0.0 0.0 0.0 
Ceratopogonidae Ceratopogon 2.9 0.0 0.0 0.0 0.0 
Ceratopogonidae Culicoides 0.0 2.9 0.0 0.0 3.9 
Ceratopogonidae Dasyhelea 0.0 0.0 0.0 0.0 0.0 
Ceratopogonidae Monohelea 0.0 0.0 0.0 0.0 0.0 
Ceratopogonidae Palpomyia 0.0 42.2 25.7 15.7 33.3 
Ceratopogonidae Stilobezzia 0.0 0.0 0.0 0.0 0.0 
Chironomidae Brillia 35.7 0.0 18.6 0.0 0.0 
Chironomidae Chernovskiia 0.0 0.0 0.0 0.0 0.0 
Chironomidae Chironomus 0.0 0.0 0.0 0.0 0.0 
Chironomidae Conchapelopia 22.3 25.4 55.7 23.4 24.4 
Chironomidae Constempellina 0.0 0.0 0.0 0.0 0.0 
Chironomidae Corynoneura 0.0 12.7 18.6 0.0 36.6 
Chironomidae Cryptochironomus 4.5 0.0 0.0 0.0 6.1 
Chironomidae Demicryptochironomus 0.0 0.0 0.0 0.0 0.0 
Chironomidae Diamesa 0.0 0.0 0.0 0.0 0.0 
Chironomidae Epoicocladius 0.0 0.0 0.0 7.8 0.0 
Chironomidae Eukiefferiella 13.4 0.0 0.0 0.0 0.0 
Chironomidae Harnischia 0.0 0.0 0.0 0.0 0.0 
Chironomidae Lopescladius 13.4 76.1 111.5 15.6 18.3 
Chironomidae Micropsectra 49.1 215.5 445.8 93.5 128.2 
Chironomidae Microtendipes 13.4 0.0 241.5 39.0 30.5 
Chironomidae Nilotanypus 0.0 0.0 0.0 0.0 0.0 
Chironomidae Orthocladius 8.9 0.0 0.0 31.2 0.0 
Chironomidae Parachaetocladius 0.0 0.0 0.0 0.0 0.0 
Chironomidae Parakiefferiella 0.0 0.0 0.0 0.0 0.0 
Chironomidae Parametriocnemus 31.2 19.0 18.6 101.3 97.7 
Chironomidae Polypedilum 26.8 19.0 18.6 7.8 0.0 
Chironomidae Potthastia 0.0 19.0 18.6 0.0 0.0 
Chironomidae Rheocricotopus 22.3 0.0 18.6 101.3 6.1 
Chironomidae Rheotanytarsus 13.4 31.7 18.6 23.4 24.4 
Chironomidae Robackia 0.0 0.0 0.0 0.0 0.0 
Chironomidae Stempellina 4.5 44.4 390.1 0.0 0.0 
Chironomidae Stempellinella 0.0 0.0 55.7 0.0 6.1 
Chironomidae Thienemanniella 0.0 0.0 0.0 0.0 79.4 
Dixidae Dixa 0.0 0.0 0.0 0.0 0.0 
Dolichopodidae  0.0 0.0 0.0 0.0 0.0 
Empididae Chelifera 0.0 0.0 1.0 10.8 1.0 
Empididae Clinocera 0.0 0.0 0.0 3.9 0.0 
Empididae Hemerodromia 0.0 2.9 8.0 0.0 2.0 
Ephydridae  0.0 0.0 0.0 0.0 0.0 
Phoridae  1.0 0.0 0.0 0.0 0.0 
Psychodidae Pericoma 0.0 0.0 0.0 0.0 0.0 
Scathophagidae  0.0 0.0 0.0 0.0 0.0 
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Simuliidae Prosimulium 55.9 12.7 150.4 143.1 9.8 
Simuliidae Simulium 0.0 0.0 26.5 3.9 0.0 
Stratiomyidae Caloparyphus 0.0 0.0 0.0 0.0 0.0 
Stratiomyidae Odontomyia 0.0 0.0 0.0 0.0 2.0 
Stratiomyidae Stratiomys 0.0 0.0 0.0 0.0 0.0 
Tabanidae Chrysops 0.0 0.0 0.0 0.0 0.0 
Tabanidae Tabanus 0.0 0.0 0.0 2.9 0.0 
Tanyderidae Protoplasa 0.0 0.0 4.7 0.0 0.0 
Tipulidae Antocha 4.9 0.0 15.9 0.0 1.0 
Tipulidae Brachyprenna 0.0 0.0 0.0 0.0 0.0 
Tipulidae Cryptolabis 0.0 0.0 304.3 0.0 0.0 
Tipulidae Dactylolabis 0.0 0.0 0.0 0.0 0.0 
Tipulidae Dicranota 0.0 2.9 9.8 2.9 12.7 
Tipulidae Hexatoma 30.4 7.8 10.6 5.9 9.8 
Tipulidae Limonia 19.6 0.0 0.0 0.0 0.0 
Tipulidae Lipsothrix 3.9 0.0 0.0 0.0 0.0 
Tipulidae Molophilus 0.0 0.0 0.0 0.0 0.0 
Tipulidae Pseudolimnophila 0.0 0.0 0.0 0.0 0.0 
Tipulidae Rhabdomastix 9.8 0.0 1.0 3.9 0.0 
Tipulidae Tipula 3.9 2.9 0.0 10.8 0.0 
Unknown Genus A 0.0 0.0 0.0 0.0 0.0 
Unknown Genus B 0.0 0.0 5.9 0.0 0.0 
    
Class Crustacea    
Acari Hydracarina 14.7 53.9 117.3 77.5 23.5 
Copepoda  0.0 2.9 1.0 3.9 2.0 
Decapoda  0.0 0.0 1.0 3.9 0.0 
    
Phylum Mollusca    
Gastropoda Ancylidae 0.0 2.0 125.3 0.0 0.0 
Gastropoda Prosobranchia 9.8 72.5 0.0 6.9 0.0 
Gastropoda Pulmonata 0.0 0.0 0.0 0.0 0.0 
Bivalvia Corbicula 7.8 0.0 0.0 0.0 0.0 
    
Phylum Annelida    
Oligochaeta  141.2 213.7 265.5 64.7 156.9 
    
Phylum Platyhelminthes   
Platyhelminthes  0.0 4.9 29.2 11.8 5.9 
    
Phylum Nematoda    
Nematoda  2.9 5.9 20.4 0.0 2.0 
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 Low Agriculture (AG-L) Streams 
 1 2 3 4 5 

Order Collembola    
Isotomidae  0.0 0.0 0.0 0.0 2.9 
    
Order Ephemeroptera   
Ameletidae Ameletus 0.0 0.0 0.0 0.0 0.0 
Baetidae Acentrella 12.7 86.3 121.6 278.4 308.8 
Baetidae Baetis 12.7 18.6 2.0 49.0 156.9 
Baetiscidae Baetisca 0.0 0.0 0.0 0.0 0.0 
Ephemerellidae Drunella 2.9 5.9 73.5 162.7 422.5 
Ephemerellidae Ephemerella 764.7 96.1 275.5 595.1 750.0 
Ephemerellidae Eurylophella 0.0 14.7 0.0 0.0 3.9 
Ephemerellidae Serratella 258.8 20.6 0.0 6.9 109.8 
Ephemeridae Ephemera 0.0 3.9 0.0 0.0 0.0 
Heptageniidae Cinygmula 47.1 499.0 33.3 253.9 162.7 
Heptageniidae Epeorus 251.0 129.4 21.6 132.4 233.3 
Heptageniidae Leucrocuta 79.4 20.6 0.0 0.0 7.8 
Heptageniidae Rhithrogena 40.2 3.9 2.0 12.7 18.6 
Heptageniidae Stenacron 15.7 0.0 0.0 1.0 0.0 
Heptageniidae Stenonema 38.2 52.0 2.0 14.7 158.8 
Isonychiidae Isonychia 0.0 2.0 0.0 0.0 3.9 
Leptophlebiidae Paraleptophlebia 360.8 46.1 1.0 16.7 183.3 
    
Order Odonata    
Calopterygidae Hataerina 0.0 0.0 0.0 0.0 0.0 
Gomphidae Lanthus 0.0 13.7 0.0 3.9 14.7 
Gomphidae Ophiogomphus 0.0 5.9 0.0 0.0 0.0 
Gomphidae Stylogomphus 0.0 0.0 0.0 0.0 0.0 
    
Order Plecoptera    
Capniidae  0.0 0.0 0.0 0.0 0.0 
Chloroperlidae Alloperla 0.0 0.0 0.0 0.0 0.0 
Chloroperlidae Haploperla 7.8 9.8 0.0 3.9 0.0 
Chloroperlidae Sweltsa 7.8 4.9 0.0 0.0 0.0 
Leuctridae Leuctra 125.5 175.5 75.5 85.3 337.3 
Nemouridae Amphinemura 13.7 9.8 4.9 4.9 0.0 
Nemouridae Prostoia 0.0 0.0 0.0 0.0 0.0 
Peltoperlidae Tallaperla 27.5 2.0 7.8 2.9 15.7 
Perlidae Acroneuria 21.6 3.9 0.0 2.9 30.4 
Perlidae Agnetina 0.0 0.0 0.0 0.0 0.0 
Perlidae Beloneuria 0.0 0.0 0.0 3.9 0.0 
Perlidae Paragnetina 0.0 0.0 0.0 0.0 0.0 
Perlodidae Cultus 2.9 0.0 0.0 1.0 0.0 
Perlodidae Diploperla 0.0 0.0 0.0 0.0 2.9 
Perlodidae Isogenoides 0.0 0.0 0.0 0.0 0.0 
Perlodidae Isoperla 40.2 31.4 22.5 35.3 83.3 
Perlodidae Malirekus 2.9 0.0 7.8 0.0 0.0 
Perlodidae Remenus 0.0 0.0 3.9 0.0 3.9 
Perlodidae Yugus 0.0 0.0 3.9 2.9 0.0 
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Pteronarcyidae Pteronarcys 31.4 0.0 7.8 20.6 0.0 
    
Order Hemiptera    
Hebridae Merragata 0.0 0.0 0.0 0.0 0.0 
    
Order Megaloptera    
Corydalidae Corydalus 0.0 0.0 0.0 0.0 0.0 
Corydalidae Nigronia 2.9 3.9 0.0 0.0 3.9 
    
Order Trichoptera    
Brachycentridae Brachycentrus 0.0 0.0 0.0 0.0 0.0 
Brachycentridae Micrasema 0.0 0.0 0.0 0.0 52.0 
Glossosomatidae Agapetus 0.0 3.9 0.0 2.9 0.0 
Glossosomatidae Glossosoma 7.8 2.9 0.0 12.7 11.8 
Glossosomatidae Matrioptila 0.0 0.0 0.0 2.9 0.0 
Goeridae Goera 0.0 0.0 0.0 0.0 3.9 
Goeridae Goerita 0.0 0.0 0.0 0.0 2.9 
Hydropsychidae Cheumatopsyche 52.0 102.0 0.0 5.9 44.1 
Hydropsychidae Diplectrona 17.6 0.0 23.5 52.9 35.3 
Hydropsychidae Hydropsyche 62.7 56.9 0.0 0.0 6.9 
Hydropsychidae Parapsyche 0.0 0.0 0.0 0.0 0.0 
Hydroptilidae Hydroptila 0.0 0.0 0.0 0.0 0.0 
Hydroptilidae Leucotrichia 0.0 0.0 0.0 0.0 0.0 
Lepidostomatidae Lepidostoma 0.0 0.0 1.0 0.0 3.9 
Leptoceridae Oecetis 0.0 0.0 0.0 0.0 0.0 
Leptoceridae Setodes 0.0 0.0 0.0 0.0 8.8 
Limnephilidae Hydatophylax 0.0 0.0 0.0 0.0 0.0 
Limnephilidae Pycnopsyche 0.0 0.0 0.0 0.0 0.0 
Odontoceridae Psilotreta 0.0 0.0 0.0 0.0 0.0 
Philopotamidae Dolophilodes 0.0 8.8 0.0 3.9 139.2 
Polycentropodidae Polycentropus 44.1 60.8 0.0 12.7 49.0 
Polycentropodidae Neureclipsis 0.0 0.0 0.0 0.0 0.0 
Psychomyiidae Lype 0.0 0.0 0.0 0.0 6.9 
Psychomyiidae Psychomyia 18.6 0.0 0.0 0.0 8.8 
Rhyacophilidae Rhyacophila 26.5 3.9 1.0 24.5 146.1 
Uenoidae Neophylax 64.7 0.0 3.9 4.9 0.0 
    
Order Lepidoptera    
Noctuidae  0.0 0.0 0.0 0.0 0.0 
    
Order Coleoptera    
Dryopidae Helichus 0.0 0.0 0.0 0.0 0.0 
Elmidae Ancyronyx 0.0 0.0 0.0 0.0 0.0 
Elmidae Dubiraphia 0.0 0.0 0.0 0.0 0.0 
Elmidae Macronychus 0.0 0.0 0.0 0.0 0.0 
Elmidae Optioservus 208.8 62.7 1.0 112.7 260.8 
Elmidae Oulimnius 567.6 235.3 54.9 195.1 447.1 
Elmidae Promoresia 0.0 0.0 0.0 0.0 113.7 
Elmidae Stenelmis 0.0 0.0 0.0 0.0 0.0 
Psephenidae Ectopria 2.9 0.0 0.0 0.0 0.0 
Psephenidae Psephenus 68.6 41.2 0.0 0.0 2.9 
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Ptilodactylidae Anchytarsus 0.0 0.0 0.0 0.0 0.0 
Staphylinidae Thinobius 0.0 0.0 0.0 0.0 0.0 
    
Order Diptera    
Athericidae Atherix 0.0 0.0 3.9 13.7 0.0 
Blephariceridae Blepharicera 42.2 2.9 0.0 71.6 70.6 
Cecidomyiidae  0.0 0.0 0.0 0.0 0.0 
Ceratopogonidae Atrichopogon 0.0 0.0 0.0 0.0 0.0 
Ceratopogonidae Ceratopogon 0.0 0.0 11.8 0.0 0.0 
Ceratopogonidae Culicoides 3.9 0.0 0.0 0.0 0.0 
Ceratopogonidae Dasyhelea 0.0 0.0 0.0 0.0 0.0 
Ceratopogonidae Monohelea 0.0 0.0 0.0 0.0 0.0 
Ceratopogonidae Palpomyia 3.9 4.9 0.0 8.8 7.8 
Ceratopogonidae Stilobezzia 0.0 0.0 0.0 0.0 0.0 
Chironomidae Brillia 48.8 0.0 0.0 21.2 136.0 
Chironomidae Chernovskiia 0.0 0.0 0.0 0.0 0.0 
Chironomidae Chironomus 0.0 0.0 0.0 0.0 0.0 
Chironomidae Conchapelopia 56.9 50.7 2.8 0.0 45.3 
Chironomidae Constempellina 0.0 0.0 2.8 0.0 0.0 
Chironomidae Corynoneura 32.5 10.1 0.0 0.0 15.1 
Chironomidae Cryptochironomus 0.0 10.1 0.0 0.0 0.0 
Chironomidae Demicryptochironomus 0.0 0.0 0.0 0.0 0.0 
Chironomidae Diamesa 0.0 5.1 57.0 0.0 0.0 
Chironomidae Epoicocladius 0.0 0.0 0.0 0.0 0.0 
Chironomidae Eukiefferiella 40.6 10.1 51.3 0.0 151.1 
Chironomidae Harnischia 0.0 0.0 0.0 0.0 0.0 
Chironomidae Lopescladius 0.0 25.3 2.8 0.0 30.2 
Chironomidae Micropsectra 187.0 121.7 14.2 76.2 362.7 
Chironomidae Microtendipes 32.5 0.0 2.8 21.2 60.5 
Chironomidae Nilotanypus 8.1 0.0 0.0 0.0 0.0 
Chironomidae Orthocladius 16.3 0.0 79.8 12.7 30.2 
Chironomidae Parachaetocladius 32.5 0.0 0.0 0.0 0.0 
Chironomidae Parakiefferiella 0.0 0.0 0.0 0.0 0.0 
Chironomidae Parametriocnemus 48.8 45.6 22.8 4.2 15.1 
Chironomidae Polypedilum 8.1 20.3 8.5 12.7 15.1 
Chironomidae Potthastia 0.0 0.0 0.0 4.2 0.0 
Chironomidae Rheocricotopus 16.3 20.3 5.7 8.5 15.1 
Chironomidae Rheotanytarsus 8.1 25.3 0.0 33.9 45.3 
Chironomidae Robackia 0.0 0.0 0.0 0.0 15.1 
Chironomidae Stempellina 81.3 10.1 8.5 29.6 15.1 
Chironomidae Stempellinella 16.3 30.4 0.0 59.3 136.0 
Chironomidae Thienemanniella 8.1 0.0 14.2 33.9 0.0 
Dixidae Dixa 3.9 0.0 1.0 0.0 0.0 
Dolichopodidae  3.9 0.0 0.0 0.0 0.0 
Empididae Chelifera 6.9 0.0 1.0 2.9 6.9 
Empididae Clinocera 0.0 0.0 0.0 3.9 0.0 
Empididae Hemerodromia 0.0 8.8 0.0 0.0 6.9 
Ephydridae  0.0 0.0 0.0 0.0 0.0 
Phoridae  0.0 0.0 0.0 0.0 0.0 
Psychodidae Pericoma 0.0 0.0 0.0 0.0 0.0 
Scathophagidae  0.0 0.0 0.0 0.0 0.0 
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Simuliidae Prosimulium 94.1 14.7 5.9 51.0 203.9 
Simuliidae Simulium 0.0 0.0 7.8 35.3 0.0 
Stratiomyidae Caloparyphus 0.0 0.0 0.0 0.0 0.0 
Stratiomyidae Odontomyia 0.0 0.0 0.0 2.0 9.8 
Stratiomyidae Stratiomys 0.0 0.0 0.0 0.0 0.0 
Tabanidae Chrysops 0.0 0.0 0.0 0.0 0.0 
Tabanidae Tabanus 0.0 0.0 0.0 0.0 0.0 
Tanyderidae Protoplasa 0.0 0.0 0.0 2.0 0.0 
Tipulidae Antocha 35.3 69.6 11.8 3.9 23.5 
Tipulidae Brachyprenna 0.0 0.0 0.0 0.0 0.0 
Tipulidae Cryptolabis 0.0 0.0 0.0 0.0 0.0 
Tipulidae Dactylolabis 0.0 0.0 0.0 0.0 0.0 
Tipulidae Dicranota 17.6 3.9 0.0 11.8 20.6 
Tipulidae Hexatoma 26.5 17.6 0.0 0.0 23.5 
Tipulidae Limonia 0.0 0.0 0.0 0.0 0.0 
Tipulidae Lipsothrix 0.0 0.0 0.0 0.0 0.0 
Tipulidae Molophilus 0.0 0.0 3.9 1.0 0.0 
Tipulidae Pseudolimnophila 2.9 0.0 0.0 0.0 0.0 
Tipulidae Rhabdomastix 0.0 0.0 1.0 0.0 0.0 
Tipulidae Tipula 2.9 0.0 8.8 2.9 0.0 
Unknown Genus A 0.0 0.0 0.0 0.0 0.0 
Unknown Genus B 0.0 0.0 0.0 0.0 0.0 
    
Class Crustacea    
Acari Hydracarina 42.2 56.9 8.8 24.5 124.5 
Copepoda  6.9 0.0 0.0 0.0 0.0 
Decapoda  3.9 0.0 0.0 3.9 1.0 
    
Phylum Mollusca    
Gastropoda Ancylidae 56.9 34.3 0.0 0.0 0.0 
Gastropoda Prosobranchia 0.0 1.0 0.0 0.0 0.0 
Gastropoda Pulmonata 0.0 2.9 0.0 0.0 0.0 
Bivalvia Corbicula 17.6 0.0 0.0 0.0 7.8 
    
Phylum Annelida    
Oligochaeta  273.5 276.5 123.5 115.7 440.2 
    
Phylum Platyhelminthes   
Platyhelminthes  0.0 34.3 0.0 0.0 26.5 
    
Phylum Nematoda    
Nematoda  0.0 2.0 3.9 0.0 17.6 
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 Medium Agriculture (AG-M) Streams 
 1 2 3 4 5 

Order Collembola    
Isotomidae  0.0 1.2 0.0 0.0 0.0 
    
Order Ephemeroptera   
Ameletidae Ameletus 0.0 0.0 0.0 0.0 0.0 
Baetidae Acentrella 3.9 57.1 396.5 17.6 3.9 
Baetidae Baetis 39.2 0.0 16.1 0.0 5.9 
Baetiscidae Baetisca 17.6 14.7 0.0 0.0 0.0 
Ephemerellidae Drunella 9.8 3.5 99.8 3.9 9.8 
Ephemerellidae Ephemerella 929.4 485.9 557.6 353.9 20.6 
Ephemerellidae Eurylophella 11.8 7.1 4.7 3.9 0.0 
Ephemerellidae Serratella 31.4 59.4 10.6 25.5 22.5 
Ephemeridae Ephemera 0.0 0.0 0.0 0.0 1.0 
Heptageniidae Cinygmula 7.8 0.0 203.5 0.0 0.0 
Heptageniidae Epeorus 84.3 112.4 96.5 9.8 9.8 
Heptageniidae Leucrocuta 0.0 42.9 14.7 0.0 0.0 
Heptageniidae Rhithrogena 58.8 1.8 36.5 3.9 0.0 
Heptageniidae Stenacron 0.0 31.2 0.0 0.0 22.5 
Heptageniidae Stenonema 13.7 45.3 5.3 10.8 10.8 
Isonychiidae Isonychia 11.8 0.0 0.0 0.0 0.0 
Leptophlebiidae Paraleptophlebia 92.2 38.2 40.6 0.0 0.0 
    
Order Odonata    
Calopterygidae Hataerina 0.0 0.0 0.0 0.0 0.0 
Gomphidae Lanthus 0.0 4.7 0.0 0.0 0.0 
Gomphidae Ophiogomphus 0.0 3.5 3.9 2.9 0.0 
Gomphidae Stylogomphus 0.0 0.0 0.0 0.0 0.0 
    
Order Plecoptera    
Capniidae  0.0 62.4 0.0 0.0 0.0 
Chloroperlidae Alloperla 0.0 2.4 0.0 0.0 2.9 
Chloroperlidae Haploperla 3.9 11.8 6.3 0.0 0.0 
Chloroperlidae Sweltsa 0.0 0.0 0.0 0.0 0.0 
Leuctridae Leuctra 147.1 30.0 41.8 37.3 10.8 
Nemouridae Amphinemura 0.0 1.8 5.3 3.9 0.0 
Nemouridae Prostoia 3.9 0.0 0.0 0.0 0.0 
Peltoperlidae Tallaperla 0.0 0.0 0.0 0.0 0.0 
Perlidae Acroneuria 0.0 7.6 10.6 2.9 0.0 
Perlidae Agnetina 3.9 31.2 0.0 0.0 0.0 
Perlidae Beloneuria 0.0 4.7 0.0 0.0 2.9 
Perlidae Paragnetina 0.0 1.2 0.0 0.0 0.0 
Perlodidae Cultus 0.0 37.1 11.2 0.0 2.0 
Perlodidae Diploperla 0.0 0.0 0.0 0.0 0.0 
Perlodidae Isogenoides 0.0 1.8 0.0 0.0 0.0 
Perlodidae Isoperla 229.4 57.6 90.2 78.4 1.0 
Perlodidae Malirekus 3.9 0.0 0.0 0.0 0.0 
Perlodidae Remenus 0.0 0.0 0.0 0.0 0.0 
Perlodidae Yugus 0.0 0.0 1.0 0.0 0.0 
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Pteronarcyidae Pteronarcys 0.0 5.9 2.9 18.6 0.0 
    
Order Hemiptera    
Hebridae Merragata 0.0 0.0 0.0 0.0 0.0 
    
Order Megaloptera    
Corydalidae Corydalus 0.0 1.2 0.0 0.0 0.0 
Corydalidae Nigronia 0.0 1.8 0.0 2.9 4.9 
    
Order Trichoptera    
Brachycentridae Brachycentrus 0.0 0.0 0.0 0.0 0.0 
Brachycentridae Micrasema 0.0 0.0 0.0 0.0 8.8 
Glossosomatidae Agapetus 0.0 0.0 0.0 0.0 2.0 
Glossosomatidae Glossosoma 0.0 12.9 0.0 3.9 0.0 
Glossosomatidae Matrioptila 0.0 0.0 0.0 0.0 0.0 
Goeridae Goera 17.6 1.2 0.0 5.9 0.0 
Goeridae Goerita 0.0 0.0 0.0 0.0 0.0 
Hydropsychidae Cheumatopsyche 51.0 114.1 56.7 13.7 88.2 
Hydropsychidae Diplectrona 0.0 0.0 0.0 0.0 4.9 
Hydropsychidae Hydropsyche 137.3 94.1 27.5 20.6 1.0 
Hydropsychidae Parapsyche 0.0 0.0 0.0 0.0 0.0 
Hydroptilidae Hydroptila 0.0 0.0 0.0 0.0 0.0 
Hydroptilidae Leucotrichia 0.0 0.0 7.6 0.0 0.0 
Lepidostomatidae Lepidostoma 0.0 0.0 0.0 3.9 0.0 
Leptoceridae Oecetis 0.0 0.0 0.0 0.0 2.0 
Leptoceridae Setodes 0.0 0.0 0.0 2.9 0.0 
Limnephilidae Hydatophylax 0.0 0.0 0.0 0.0 0.0 
Limnephilidae Pycnopsyche 0.0 0.0 0.0 0.0 0.0 
Odontoceridae Psilotreta 0.0 0.0 0.0 0.0 0.0 
Philopotamidae Dolophilodes 3.9 3.5 0.0 0.0 0.0 
Polycentropodidae Polycentropus 19.6 30.6 32.7 2.9 3.9 
Polycentropodidae Neureclipsis 0.0 0.0 0.0 0.0 0.0 
Psychomyiidae Lype 3.9 0.0 2.4 0.0 0.0 
Psychomyiidae Psychomyia 13.7 16.5 26.7 0.0 0.0 
Rhyacophilidae Rhyacophila 5.9 3.5 1.0 3.9 2.0 
Uenoidae Neophylax 13.7 0.0 0.0 0.0 0.0 
    
Order Lepidoptera    
Noctuidae  0.0 0.0 0.0 0.0 0.0 
    
Order Coleoptera    
Dryopidae Helichus 0.0 0.0 0.0 0.0 0.0 
Elmidae Ancyronyx 0.0 0.0 0.0 3.9 0.0 
Elmidae Dubiraphia 0.0 0.0 0.0 0.0 0.0 
Elmidae Macronychus 0.0 0.0 0.0 0.0 0.0 
Elmidae Optioservus 174.5 137.1 448.0 104.9 41.2 
Elmidae Oulimnius 56.9 37.1 130.4 91.2 1.0 
Elmidae Promoresia 0.0 3.5 0.0 2.9 23.5 
Elmidae Stenelmis 0.0 0.0 0.0 53.9 2.0 
Psephenidae Ectopria 3.9 0.0 0.0 0.0 0.0 
Psephenidae Psephenus 366.7 419.4 112.0 14.7 25.5 
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Ptilodactylidae Anchytarsus 0.0 0.0 0.0 0.0 0.0 
Staphylinidae Thinobius 0.0 0.0 1.0 0.0 0.0 
    
Order Diptera    
Athericidae Atherix 0.0 0.0 0.0 0.0 0.0 
Blephariceridae Blepharicera 31.4 62.4 32.0 0.0 2.0 
Cecidomyiidae  0.0 0.0 0.0 0.0 0.0 
Ceratopogonidae Atrichopogon 0.0 0.0 0.0 0.0 0.0 
Ceratopogonidae Ceratopogon 0.0 0.0 0.0 0.0 0.0 
Ceratopogonidae Culicoides 3.9 2.4 0.0 0.0 1.0 
Ceratopogonidae Dasyhelea 0.0 0.0 0.0 0.0 2.0 
Ceratopogonidae Monohelea 0.0 0.0 0.0 0.0 0.0 
Ceratopogonidae Palpomyia 7.8 1.2 18.2 9.8 3.9 
Ceratopogonidae Stilobezzia 0.0 0.0 0.0 0.0 0.0 
Chironomidae Brillia 0.0 20.6 0.0 0.0 0.0 
Chironomidae Chernovskiia 0.0 0.0 0.0 0.0 0.0 
Chironomidae Chironomus 0.0 0.0 0.0 0.0 0.0 
Chironomidae Conchapelopia 11.3 41.3 13.9 0.0 19.6 
Chironomidae Constempellina 0.0 0.0 0.0 0.0 0.0 
Chironomidae Corynoneura 22.5 41.3 55.7 0.0 0.0 
Chironomidae Cryptochironomus 0.0 0.0 0.0 29.1 0.0 
Chironomidae Demicryptochironomus 0.0 0.0 13.9 0.0 0.0 
Chironomidae Diamesa 0.0 0.0 0.0 0.0 0.0 
Chironomidae Epoicocladius 0.0 0.0 0.0 0.0 0.0 
Chironomidae Eukiefferiella 33.8 82.6 0.0 0.0 0.0 
Chironomidae Harnischia 0.0 0.0 0.0 0.0 0.0 
Chironomidae Lopescladius 202.7 144.5 139.3 0.0 0.0 
Chironomidae Micropsectra 56.3 144.5 320.4 29.1 58.8 
Chironomidae Microtendipes 135.1 123.9 167.2 96.8 0.0 
Chironomidae Nilotanypus 0.0 0.0 0.0 0.0 0.0 
Chironomidae Orthocladius 33.8 1094.4 209.0 154.9 431.4 
Chironomidae Parachaetocladius 0.0 0.0 0.0 0.0 0.0 
Chironomidae Parakiefferiella 0.0 0.0 0.0 9.7 0.0 
Chironomidae Parametriocnemus 67.6 247.8 0.0 9.7 29.4 
Chironomidae Polypedilum 45.0 82.6 97.5 29.1 117.6 
Chironomidae Potthastia 56.3 0.0 41.8 0.0 0.0 
Chironomidae Rheocricotopus 0.0 185.8 0.0 0.0 137.3 
Chironomidae Rheotanytarsus 45.0 206.5 97.5 87.2 0.0 
Chironomidae Robackia 0.0 0.0 0.0 9.7 0.0 
Chironomidae Stempellina 11.3 0.0 41.8 38.7 0.0 
Chironomidae Stempellinella 0.0 0.0 0.0 48.4 0.0 
Chironomidae Thienemanniella 67.6 0.0 0.0 9.7 0.0 
Dixidae Dixa 3.9 0.0 0.0 0.0 0.0 
Dolichopodidae  0.0 0.0 0.0 0.0 0.0 
Empididae Chelifera 0.0 4.1 2.0 10.8 10.8 
Empididae Clinocera 0.0 25.9 6.9 0.0 0.0 
Empididae Hemerodromia 9.8 50.0 3.9 21.6 9.8 
Ephydridae  0.0 0.0 0.0 0.0 0.0 
Phoridae  0.0 0.0 0.0 0.0 0.0 
Psychodidae Pericoma 0.0 0.0 0.0 0.0 0.0 
Scathophagidae  0.0 0.0 0.0 0.0 0.0 
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Simuliidae Prosimulium 31.4 1.8 1.0 29.4 3.9 
Simuliidae Simulium 0.0 0.0 0.0 17.6 0.0 
Stratiomyidae Caloparyphus 0.0 0.0 0.0 0.0 0.0 
Stratiomyidae Odontomyia 0.0 0.0 0.0 3.9 0.0 
Stratiomyidae Stratiomys 0.0 0.0 0.0 0.0 0.0 
Tabanidae Chrysops 0.0 0.0 0.0 0.0 0.0 
Tabanidae Tabanus 0.0 0.0 0.0 0.0 0.0 
Tanyderidae Protoplasa 0.0 0.0 0.0 0.0 0.0 
Tipulidae Antocha 117.6 208.2 43.9 5.9 9.8 
Tipulidae Brachyprenna 0.0 0.0 0.0 0.0 0.0 
Tipulidae Cryptolabis 0.0 0.0 0.0 0.0 0.0 
Tipulidae Dactylolabis 0.0 0.0 0.0 0.0 0.0 
Tipulidae Dicranota 0.0 0.0 7.1 10.8 1.0 
Tipulidae Hexatoma 86.3 0.0 6.3 5.9 1.0 
Tipulidae Limonia 0.0 0.0 0.0 0.0 0.0 
Tipulidae Lipsothrix 0.0 0.0 0.0 0.0 0.0 
Tipulidae Molophilus 0.0 0.0 0.0 0.0 0.0 
Tipulidae Pseudolimnophila 0.0 0.0 0.0 0.0 0.0 
Tipulidae Rhabdomastix 0.0 0.0 0.0 0.0 0.0 
Tipulidae Tipula 10.8 3.5 0.0 3.9 0.0 
Unknown Genus A 5.9 0.0 0.0 0.0 0.0 
Unknown Genus B 0.0 0.0 0.0 0.0 0.0 
    
Class Crustacea    
Acari Hydracarina 70.6 90.6 168.4 51.0 151.0 
Copepoda  0.0 17.1 1.0 0.0 2.9 
Decapoda  0.0 0.0 0.0 0.0 1.0 
    
Phylum Mollusca    
Gastropoda Ancylidae 49.0 41.8 182.9 0.0 24.5 
Gastropoda Prosobranchia 21.6 17.1 80.6 0.0 37.3 
Gastropoda Pulmonata 0.0 0.0 0.0 0.0 0.0 
Bivalvia Corbicula 3.9 3.5 2.9 2.9 0.0 
    
Phylum Annelida    
Oligochaeta  337.3 1518.8 362.2 598.0 1290.2 
    
Phylum Platyhelminthes   
Platyhelminthes  0.0 22.4 0.0 0.0 4.9 
    
Phylum Nematoda    
Nematoda  21.6 30.0 44.9 11.8 13.7 
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 High Agriculture (AG-H) Streams 
 1 2 3 4 5 6 

Order Collembola    
Isotomidae  0.0 1.8 2.9 6.3 0.0 0.0
    
Order Ephemeroptera   
Ameletidae Ameletus 0.0 0.0 0.0 0.0 0.0 0.0
Baetidae Acentrella 17.7 2.9 20.6 36.1 62.7 0.0
Baetidae Baetis 0.0 1.2 0.0 0.0 15.7 0.0
Baetiscidae Baetisca 0.6 5.3 17.6 4.7 11.8 0.6
Ephemerellidae Drunella 0.0 7.6 6.9 7.1 113.7 0.6
Ephemerellidae Ephemerella 398.1 499.4 193.1 542.0 202.9 6.5
Ephemerellidae Eurylophella 46.0 0.0 0.0 11.8 0.0 0.0
Ephemerellidae Serratella 24.7 64.1 9.8 76.1 39.2 0.0
Ephemeridae Ephemera 0.0 0.0 2.9 2.4 0.0 0.0
Heptageniidae Cinygmula 0.0 0.6 0.0 13.3 66.7 0.0
Heptageniidae Epeorus 16.5 84.7 5.9 112.9 31.4 0.6
Heptageniidae Leucrocuta 0.0 4.7 15.7 58.0 17.6 0.0
Heptageniidae Rhithrogena 0.0 12.9 0.0 12.5 0.0 0.0
Heptageniidae Stenacron 11.8 11.8 27.5 0.0 5.9 0.0
Heptageniidae Stenonema 17.1 32.9 44.1 24.3 126.5 0.0
Isonychiidae Isonychia 0.0 0.0 0.0 0.0 0.0 0.0
Leptophlebiidae Paraleptophlebia 8.2 55.3 200.0 36.1 27.5 0.0
    
Order Odonata    
Calopterygidae Hataerina 0.0 0.0 0.0 2.4 0.0 0.0
Gomphidae Lanthus 0.0 8.2 2.9 3.9 0.0 2.4
Gomphidae Ophiogomphus 4.2 5.3 6.9 60.4 59.8 0.0
Gomphidae Stylogomphus 0.0 0.0 2.9 0.0 0.0 0.0
    
Order Plecoptera    
Capniidae  0.0 9.4 0.0 0.0 0.0 0.0
Chloroperlidae Alloperla 0.0 12.9 0.0 0.0 0.0 0.0
Chloroperlidae Haploperla 1.6 9.4 3.9 12.5 0.0 0.6
Chloroperlidae Sweltsa 0.0 0.0 0.0 0.0 0.0 0.0
Leuctridae Leuctra 22.1 23.5 117.6 36.9 35.3 0.0
Nemouridae Amphinemura 0.0 0.0 0.0 0.0 3.9 0.0
Nemouridae Prostoia 0.0 0.0 0.0 0.0 0.0 0.0
Peltoperlidae Tallaperla 0.0 0.0 0.0 0.0 0.0 0.0
Perlidae Acroneuria 4.5 0.0 0.0 7.8 3.9 0.6
Perlidae Agnetina 3.5 44.1 0.0 0.0 0.0 0.0
Perlidae Beloneuria 0.0 0.0 0.0 0.0 0.0 0.0
Perlidae Paragnetina 0.0 0.0 0.0 0.0 0.0 0.0
Perlodidae Cultus 5.1 7.1 17.6 3.9 0.0 0.0
Perlodidae Diploperla 0.0 0.0 2.9 0.0 0.0 0.0
Perlodidae Isogenoides 0.0 0.0 0.0 0.0 0.0 0.0
Perlodidae Isoperla 107.7 48.2 28.4 77.6 25.5 0.0
Perlodidae Malirekus 0.0 0.0 0.0 0.0 0.0 0.0
Perlodidae Remenus 0.0 0.0 0.0 0.0 0.0 0.0
Perlodidae Yugus 0.0 0.0 0.0 0.0 0.0 0.0
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Pteronarcyidae Pteronarcys 3.5 2.4 3.9 0.0 7.8 0.0
    
Order Hemiptera    
Hebridae Merragata 0.0 1.8 0.0 0.0 0.0 0.0
    
Order Megaloptera    
Corydalidae Corydalus 0.0 1.2 0.0 0.0 0.0 0.0
Corydalidae Nigronia 0.0 0.6 2.9 0.0 2.9 4.7
    
Order Trichoptera    
Brachycentridae Brachycentrus 0.0 0.0 0.0 0.0 0.0 0.0
Brachycentridae Micrasema 0.0 0.0 0.0 0.0 0.0 0.0
Glossosomatidae Agapetus 0.0 0.0 8.8 0.0 0.0 0.0
Glossosomatidae Glossosoma 0.0 11.8 11.8 0.0 0.0 0.0
Glossosomatidae Matrioptila 0.0 0.0 0.0 0.0 0.0 0.0
Goeridae Goera 0.0 0.0 0.0 2.4 0.0 0.0
Goeridae Goerita 0.6 0.0 0.0 2.4 0.0 0.0
Hydropsychidae Cheumatopsyche 48.7 168.8 274.5 18.0 176.5 12.4
Hydropsychidae Diplectrona 17.6 2.4 0.0 14.1 3.9 0.0
Hydropsychidae Hydropsyche 164.6 41.8 25.5 12.5 0.0 0.0
Hydropsychidae Parapsyche 0.0 0.0 0.0 0.0 0.0 0.0
Hydroptilidae Hydroptila 0.0 0.0 0.0 0.0 0.0 0.0
Hydroptilidae Leucotrichia 0.0 34.7 0.0 3.9 0.0 0.0
Lepidostomatidae Lepidostoma 0.0 0.0 0.0 3.9 3.9 0.0
Leptoceridae Oecetis 0.0 0.0 0.0 0.0 0.0 0.0
Leptoceridae Setodes 0.0 0.0 0.0 0.0 0.0 0.0
Limnephilidae Hydatophylax 0.0 0.0 0.0 0.0 0.0 0.0
Limnephilidae Pycnopsyche 1.0 0.0 0.0 0.0 0.0 0.0
Odontoceridae Psilotreta 0.0 0.0 0.0 0.0 0.0 0.0
Philopotamidae Dolophilodes 4.1 1.8 3.9 4.7 11.8 0.0
Polycentropodidae Polycentropus 2.4 11.2 16.7 0.0 11.8 0.0
Polycentropodidae Neureclipsis 0.0 0.0 0.0 0.0 0.0 0.0
Psychomyiidae Lype 0.0 0.0 11.8 0.0 5.9 0.0
Psychomyiidae Psychomyia 0.0 0.0 0.0 0.0 0.0 0.0
Rhyacophilidae Rhyacophila 0.0 0.0 0.0 7.8 27.5 0.0
Uenoidae Neophylax 0.0 7.1 0.0 6.3 3.9 0.0
    
Order Lepidoptera    
Noctuidae  0.0 0.0 0.0 0.0 0.0 0.0
    
Order Coleoptera    
Dryopidae Helichus 0.0 2.4 0.0 3.9 5.9 0.0
Elmidae Ancyronyx 0.0 24.7 0.0 0.0 0.0 1.2
Elmidae Dubiraphia 9.1 0.0 0.0 0.0 0.0 0.0
Elmidae Macronychus 3.5 0.0 0.0 0.0 0.0 0.6
Elmidae Optioservus 843.4 120.6 546.1 282.4 71.6 13.5
Elmidae Oulimnius 311.3 86.5 86.3 31.4 110.8 59.4
Elmidae Promoresia 0.6 0.0 2.9 0.0 0.0 0.6
Elmidae Stenelmis 6.3 0.0 0.0 57.3 42.2 4.1
Psephenidae Ectopria 0.0 0.0 0.0 0.0 17.6 0.0
Psephenidae Psephenus 26.5 358.2 264.7 135.7 56.9 48.2
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Ptilodactylidae Anchytarsus 0.0 0.0 0.0 0.0 2.9 0.0
Staphylinidae Thinobius 0.0 0.0 0.0 0.0 0.0 0.0
    
Order Diptera    
Athericidae Atherix 0.0 0.0 19.6 0.0 3.9 0.0
Blephariceridae Blepharicera 1.2 15.3 6.9 18.0 3.9 0.6
Cecidomyiidae  0.0 0.0 0.0 0.0 0.0 0.0
Ceratopogonidae Atrichopogon 0.0 0.0 0.0 0.0 0.0 0.0
Ceratopogonidae Ceratopogon 0.0 0.0 0.0 3.9 12.7 0.0
Ceratopogonidae Culicoides 0.0 0.0 0.0 0.0 5.9 0.0
Ceratopogonidae Dasyhelea 0.0 0.0 0.0 0.0 8.8 0.0
Ceratopogonidae Monohelea 0.0 1.8 0.0 0.0 0.0 0.0
Ceratopogonidae Palpomyia 6.2 1.8 2.9 64.3 0.0 0.6
Ceratopogonidae Stilobezzia 0.6 0.0 0.0 0.0 0.0 0.0
Chironomidae Brillia 0.0 0.0 0.0 0.0 0.0 0.0
Chironomidae Chernovskiia 0.0 0.0 0.0 0.0 0.0 0.0
Chironomidae Chironomus 0.0 0.0 0.0 0.0 0.0 9.8
Chironomidae Conchapelopia 20.8 51.3 107.4 18.6 255.5 0.0
Chironomidae Constempellina 0.0 0.0 0.0 0.0 0.0 0.0
Chironomidae Corynoneura 20.8 20.5 26.8 43.4 0.0 0.0
Chironomidae Cryptochironomus 41.7 10.3 0.0 18.6 0.0 39.3
Chironomidae Demicryptochironomus 0.0 0.0 0.0 0.0 0.0 0.0
Chironomidae Diamesa 0.0 0.0 0.0 0.0 0.0 29.5
Chironomidae Epoicocladius 0.0 0.0 0.0 0.0 0.0 0.0
Chironomidae Eukiefferiella 0.0 51.3 0.0 0.0 0.0 0.0
Chironomidae Harnischia 0.0 0.0 0.0 0.0 0.0 0.0
Chironomidae Lopescladius 0.0 113.0 0.0 0.0 0.0 0.0
Chironomidae Micropsectra 166.7 51.3 402.6 80.5 204.4 49.1
Chironomidae Microtendipes 62.5 51.3 26.8 24.8 51.1 9.8
Chironomidae Nilotanypus 0.0 0.0 0.0 0.0 0.0 0.0
Chironomidae Orthocladius 708.4 20.5 0.0 105.3 766.5 737.2
Chironomidae Parachaetocladius 83.3 0.0 0.0 0.0 0.0 0.0
Chironomidae Parakiefferiella 0.0 0.0 0.0 0.0 0.0 0.0
Chironomidae Parametriocnemus 62.5 277.3 187.9 31.0 408.8 0.0
Chironomidae Polypedilum 312.5 51.3 751.6 86.7 1226.4 314.5
Chironomidae Potthastia 0.0 0.0 0.0 0.0 51.1 98.3
Chironomidae Rheocricotopus 145.8 10.3 53.7 0.0 357.7 0.0
Chironomidae Rheotanytarsus 166.7 30.8 26.8 0.0 1022.0 0.0
Chironomidae Robackia 0.0 0.0 0.0 0.0 0.0 0.0
Chironomidae Stempellina 0.0 0.0 161.0 12.4 306.6 0.0
Chironomidae Stempellinella 0.0 0.0 241.6 6.2 0.0 0.0
Chironomidae Thienemanniella 0.0 0.0 0.0 0.0 0.0 0.0
Dixidae Dixa 0.0 0.0 0.0 0.0 0.0 0.0
Dolichopodidae  0.0 0.0 0.0 0.0 0.0 0.0
Empididae Chelifera 2.0 0.0 3.9 0.0 15.7 0.6
Empididae Clinocera 15.5 7.1 12.7 2.4 0.0 0.6
Empididae Hemerodromia 22.4 57.1 20.6 11.8 549.0 63.5
Ephydridae  0.0 0.0 0.0 0.0 0.0 0.0
Phoridae  1.0 0.0 0.0 0.0 0.0 0.6
Psychodidae Pericoma 0.0 0.0 0.0 0.0 0.0 0.0
Scathophagidae  0.6 0.0 0.0 0.0 0.0 0.0
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Simuliidae Prosimulium 11.6 2.9 3.9 0.0 58.8 3.5
Simuliidae Simulium 0.0 0.0 0.0 0.0 7.8 0.0
Stratiomyidae Caloparyphus 0.0 0.0 0.0 0.0 0.0 0.0
Stratiomyidae Odontomyia 0.0 0.0 0.0 0.0 0.0 0.0
Stratiomyidae Stratiomys 0.0 0.0 0.0 0.0 0.0 0.0
Tabanidae Chrysops 0.0 0.0 3.9 0.0 0.0 0.0
Tabanidae Tabanus 0.0 0.0 0.0 0.0 0.0 0.0
Tanyderidae Protoplasa 0.0 0.0 0.0 0.0 0.0 0.0
Tipulidae Antocha 366.0 102.4 98.0 3.9 25.5 1.2
Tipulidae Brachyprenna 0.0 0.0 0.0 0.0 0.0 0.0
Tipulidae Cryptolabis 0.0 0.0 0.0 0.0 7.8 0.0
Tipulidae Dactylolabis 0.0 0.0 0.0 0.0 0.0 0.0
Tipulidae Dicranota 0.0 0.0 0.0 3.9 0.0 0.0
Tipulidae Hexatoma 8.4 0.0 19.6 0.0 15.7 9.4
Tipulidae Limonia 0.0 0.0 0.0 0.0 0.0 0.0
Tipulidae Lipsothrix 0.0 0.0 0.0 0.0 0.0 0.0
Tipulidae Molophilus 0.0 0.0 0.0 0.0 0.0 0.0
Tipulidae Pseudolimnophila 2.4 0.6 9.8 22.0 0.0 0.0
Tipulidae Rhabdomastix 0.0 0.0 0.0 0.0 0.0 0.0
Tipulidae Tipula 2.4 7.6 18.6 3.9 5.9 0.0
Unknown Genus A 0.0 0.0 0.0 0.0 0.0 0.0
Unknown Genus B 0.0 0.0 0.0 0.0 0.0 0.0
    
Class Crustacea    
Acari Hydracarina 82.7 17.1 39.2 23.5 302.0 55.9
Copepoda  20.0 3.5 2.9 0.0 60.8 0.0
Decapoda  0.6 0.0 0.0 0.0 0.0 0.0
    
Phylum Mollusca    
Gastropoda Ancylidae 47.4 15.3 99.0 3.9 35.3 0.6
Gastropoda Prosobranchia 62.1 0.0 49.0 242.4 54.9 0.6
Gastropoda Pulmonata 0.6 2.9 0.0 0.0 0.0 0.0
Bivalvia Corbicula 30.3 0.6 8.8 49.4 0.0 0.0
    
Phylum Annelida    
Oligochaeta  726.8 984.7 775.5 609.4 4049.0 784.7
    
Phylum Platyhelminthes   
Platyhelminthes  9.4 1.2 41.2 11.8 9.8 8.2
    
Phylum Nematoda    
Nematoda  33.6 37.6 10.8 16.5 39.2 19.4
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 Recovery 1 (REC-1) Streams 
 1 2 3 4  

Order Collembola    
Isotomidae  0.0 2.9 0.0 0.0  
    
Order Ephemeroptera   
Ameletidae Ameletus 3.9 0.0 0.0 0.0  
Baetidae Acentrella 172.5 735.3 18.6 67.6  
Baetidae Baetis 9.8 142.2 45.1 7.8  
Baetiscidae Baetisca 8.8 0.0 0.0 2.0  
Ephemerellidae Drunella 12.7 381.4 115.7 27.5  
Ephemerellidae Ephemerella 970.6 580.4 305.9 467.6  
Ephemerellidae Eurylophella 37.3 0.0 0.0 9.8  
Ephemerellidae Serratella 62.7 15.7 5.9 22.5  
Ephemeridae Ephemera 0.0 0.0 0.0 5.9  
Heptageniidae Cinygmula 0.0 24.5 13.7 2.0  
Heptageniidae Epeorus 55.9 122.5 88.2 20.6  
Heptageniidae Leucrocuta 1.0 0.0 0.0 1.0  
Heptageniidae Rhithrogena 2.9 182.4 9.8 7.8  
Heptageniidae Stenacron 2.9 2.9 15.7 2.9  
Heptageniidae Stenonema 13.7 9.8 7.8 55.9  
Isonychiidae Isonychia 0.0 0.0 0.0 1.0  
Leptophlebiidae Paraleptophlebia 54.9 23.5 35.3 64.7  
    
Order Odonata    
Calopterygidae Hataerina 0.0 0.0 0.0 0.0  
Gomphidae Lanthus 0.0 2.9 8.8 0.0  
Gomphidae Ophiogomphus 37.3 0.0 0.0 0.0  
Gomphidae Stylogomphus 11.8 0.0 0.0 0.0  
    
Order Plecoptera    
Capniidae  0.0 0.0 0.0 0.0  
Chloroperlidae Alloperla 0.0 0.0 0.0 0.0  
Chloroperlidae Haploperla 2.0 6.9 36.3 1.0  
Chloroperlidae Sweltsa 0.0 0.0 0.0 0.0  
Leuctridae Leuctra 171.6 11.8 499.0 94.1  
Nemouridae Amphinemura 13.7 0.0 11.8 2.0  
Nemouridae Prostoia 0.0 0.0 0.0 0.0  
Peltoperlidae Tallaperla 0.0 8.8 7.8 11.8  
Perlidae Acroneuria 33.3 2.9 12.7 5.9  
Perlidae Agnetina 0.0 0.0 0.0 0.0  
Perlidae Beloneuria 2.9 0.0 0.0 0.0  
Perlidae Paragnetina 0.0 0.0 0.0 0.0  
Perlodidae Cultus 0.0 2.9 0.0 1.0  
Perlodidae Diploperla 0.0 0.0 0.0 0.0  
Perlodidae Isogenoides 0.0 0.0 0.0 0.0  
Perlodidae Isoperla 50.0 35.3 25.5 25.5  
Perlodidae Malirekus 0.0 0.0 2.0 0.0  
Perlodidae Remenus 0.0 0.0 0.0 0.0  
Perlodidae Yugus 0.0 0.0 11.8 0.0  
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Pteronarcyidae Pteronarcys 14.7 8.8 7.8 8.8  
    
Order Hemiptera    
Hebridae Merragata 0.0 0.0 0.0 0.0  
    
Order Megaloptera    
Corydalidae Corydalus 0.0 0.0 0.0 0.0  
Corydalidae Nigronia 0.0 0.0 0.0 0.0  
    
Order Trichoptera    
Brachycentridae Brachycentrus 0.0 0.0 0.0 0.0  
Brachycentridae Micrasema 0.0 0.0 0.0 0.0  
Glossosomatidae Agapetus 17.6 66.7 28.4 82.4  
Glossosomatidae Glossosoma 1.0 0.0 0.0 1.0  
Glossosomatidae Matrioptila 0.0 0.0 0.0 63.7  
Goeridae Goera 2.9 5.9 0.0 0.0  
Goeridae Goerita 0.0 0.0 0.0 0.0  
Hydropsychidae Cheumatopsyche 71.6 0.0 6.9 17.6  
Hydropsychidae Diplectrona 62.7 20.6 54.9 0.0  
Hydropsychidae Hydropsyche 8.8 0.0 4.9 5.9  
Hydropsychidae Parapsyche 0.0 0.0 0.0 0.0  
Hydroptilidae Hydroptila 0.0 0.0 0.0 1.0  
Hydroptilidae Leucotrichia 0.0 0.0 0.0 0.0  
Lepidostomatidae Lepidostoma 0.0 5.9 2.9 4.9  
Leptoceridae Oecetis 0.0 0.0 0.0 0.0  
Leptoceridae Setodes 0.0 0.0 0.0 0.0  
Limnephilidae Hydatophylax 0.0 0.0 0.0 0.0  
Limnephilidae Pycnopsyche 0.0 0.0 0.0 0.0  
Odontoceridae Psilotreta 0.0 0.0 0.0 0.0  
Philopotamidae Dolophilodes 2.9 0.0 1.0 81.4  
Polycentropodidae Polycentropus 28.4 0.0 30.4 25.5  
Polycentropodidae Neureclipsis 0.0 0.0 0.0 0.0  
Psychomyiidae Lype 0.0 0.0 2.0 7.8  
Psychomyiidae Psychomyia 7.8 0.0 0.0 29.4  
Rhyacophilidae Rhyacophila 3.9 18.6 65.7 31.4  
Uenoidae Neophylax 10.8 8.8 2.0 1.0  
    
Order Lepidoptera    
Noctuidae  0.0 0.0 0.0 0.0  
    
Order Coleoptera    
Dryopidae Helichus 11.8 0.0 0.0 0.0  
Elmidae Ancyronyx 0.0 0.0 0.0 0.0  
Elmidae Dubiraphia 0.0 0.0 0.0 0.0  
Elmidae Macronychus 3.9 0.0 0.0 0.0  
Elmidae Optioservus 218.6 253.9 70.6 70.6  
Elmidae Oulimnius 193.1 657.8 86.3 13.7  
Elmidae Promoresia 7.8 15.7 3.9 0.0  
Elmidae Stenelmis 0.0 0.0 0.0 0.0  
Psephenidae Ectopria 3.9 0.0 2.9 1.0  
Psephenidae Psephenus 102.9 8.8 3.9 30.4  
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Ptilodactylidae Anchytarsus 0.0 0.0 0.0 0.0  
Staphylinidae Thinobius 0.0 0.0 1.0 0.0  
    
Order Diptera    
Athericidae Atherix 9.8 0.0 0.0 11.8  
Blephariceridae Blepharicera 93.1 114.7 20.6 83.3  
Cecidomyiidae  0.0 0.0 0.0 0.0  
Ceratopogonidae Atrichopogon 1.0 0.0 0.0 0.0  
Ceratopogonidae Ceratopogon 5.9 0.0 0.0 0.0  
Ceratopogonidae Culicoides 0.0 0.0 2.9 3.9  
Ceratopogonidae Dasyhelea 13.7 0.0 1.0 0.0  
Ceratopogonidae Monohelea 0.0 0.0 0.0 0.0  
Ceratopogonidae Palpomyia 25.5 0.0 46.1 4.9  
Ceratopogonidae Stilobezzia 0.0 0.0 0.0 0.0  
Chironomidae Brillia 0.0 0.0 80.0 0.0  
Chironomidae Chernovskiia 0.0 0.0 50.0 0.0  
Chironomidae Chironomus 0.0 0.0 0.0 0.0  
Chironomidae Conchapelopia 17.4 6.7 10.0 18.1  
Chironomidae Constempellina 0.0 0.0 0.0 0.0  
Chironomidae Corynoneura 34.8 6.7 0.0 18.1  
Chironomidae Cryptochironomus 0.0 6.7 0.0 0.0  
Chironomidae Demicryptochironomus 0.0 0.0 60.0 0.0  
Chironomidae Diamesa 0.0 0.0 20.0 0.0  
Chironomidae Epoicocladius 0.0 0.0 0.0 0.0  
Chironomidae Eukiefferiella 52.2 66.7 70.0 18.1  
Chironomidae Harnischia 0.0 0.0 0.0 0.0  
Chironomidae Lopescladius 0.0 0.0 10.0 9.0  
Chironomidae Micropsectra 243.5 240.1 130.0 108.4  
Chironomidae Microtendipes 0.0 0.0 50.0 0.0  
Chironomidae Nilotanypus 0.0 0.0 0.0 0.0  
Chironomidae Orthocladius 295.7 126.7 190.0 81.3  
Chironomidae Parachaetocladius 0.0 0.0 0.0 0.0  
Chironomidae Parakiefferiella 0.0 0.0 0.0 27.1  
Chironomidae Parametriocnemus 34.8 53.4 0.0 72.3  
Chironomidae Polypedilum 34.8 0.0 20.0 108.4  
Chironomidae Potthastia 0.0 0.0 50.0 18.1  
Chironomidae Rheocricotopus 104.4 20.0 0.0 18.1  
Chironomidae Rheotanytarsus 0.0 0.0 30.0 36.1  
Chironomidae Robackia 0.0 0.0 0.0 0.0  
Chironomidae Stempellina 17.4 13.3 30.0 36.1  
Chironomidae Stempellinella 156.6 33.3 0.0 0.0  
Chironomidae Thienemanniella 295.7 0.0 0.0 135.6  
Dixidae Dixa 0.0 11.8 4.9 0.0  
Dolichopodidae  0.0 0.0 0.0 0.0  
Empididae Chelifera 3.9 0.0 14.7 12.7  
Empididae Clinocera 3.9 0.0 3.9 1.0  
Empididae Hemerodromia 3.9 0.0 0.0 1.0  
Ephydridae  0.0 0.0 0.0 0.0  
Phoridae  0.0 0.0 0.0 0.0  
Psychodidae Pericoma 0.0 3.9 0.0 0.0  
Scathophagidae  0.0 0.0 0.0 0.0  
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Simuliidae Prosimulium 9.8 20.6 10.8 113.7  
Simuliidae Simulium 2.9 0.0 0.0 39.2  
Stratiomyidae Caloparyphus 0.0 0.0 0.0 0.0  
Stratiomyidae Odontomyia 0.0 0.0 4.9 0.0  
Stratiomyidae Stratiomys 0.0 0.0 0.0 0.0  
Tabanidae Chrysops 0.0 0.0 0.0 0.0  
Tabanidae Tabanus 0.0 0.0 0.0 0.0  
Tanyderidae Protoplasa 0.0 0.0 0.0 0.0  
Tipulidae Antocha 5.9 33.3 33.3 37.3  
Tipulidae Brachyprenna 0.0 0.0 0.0 0.0  
Tipulidae Cryptolabis 0.0 0.0 0.0 0.0  
Tipulidae Dactylolabis 0.0 0.0 0.0 0.0  
Tipulidae Dicranota 10.8 48.0 23.5 4.9  
Tipulidae Hexatoma 2.9 30.4 39.2 25.5  
Tipulidae Limonia 0.0 2.9 0.0 0.0  
Tipulidae Lipsothrix 0.0 0.0 0.0 0.0  
Tipulidae Molophilus 0.0 0.0 0.0 0.0  
Tipulidae Pseudolimnophila 6.9 0.0 0.0 0.0  
Tipulidae Rhabdomastix 1.0 3.9 0.0 0.0  
Tipulidae Tipula 3.9 5.9 1.0 2.9  
Unknown Genus A 0.0 0.0 0.0 0.0  
Unknown Genus B 0.0 0.0 0.0 5.9  
    
Class Crustacea    
Acari Hydracarina 24.5 17.6 7.8 74.5  
Copepoda  1.0 0.0 9.8 0.0  
Decapoda  0.0 0.0 0.0 1.0  
    
Phylum Mollusca    
Gastropoda Ancylidae 3.9 0.0 0.0 0.0  
Gastropoda Prosobranchia 83.3 40.2 12.7 2.9  
Gastropoda Pulmonata 0.0 0.0 0.0 0.0  
Bivalvia Corbicula 5.9 0.0 2.0 0.0  
    
Phylum Annelida    
Oligochaeta  1300.0 240.2 664.7 199.0  
    
Phylum Platyhelminthes   
Platyhelminthes  30.4 0.0 1.0 5.9  
    
Phylum Nematoda    
Nematoda  3.9 5.9 17.6 0.0  
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 Recovery 2 (REC-2) Streams  
 1 2 3 4 5 

Order Collembola    
Isotomidae  0.0 0.0 0.0 0.0 0.0 
    
Order Ephemeroptera   
Ameletidae Ameletus 1.4 0.0 0.0 0.0 0.0 
Baetidae Acentrella 2.6 54.7 29.4 33.9 59.8 
Baetidae Baetis 33.2 31.0 27.5 6.3 17.6 
Baetiscidae Baetisca 0.0 0.0 0.0 0.0 6.9 
Ephemerellidae Drunella 9.4 132.4 11.8 5.9 56.9 
Ephemerellidae Ephemerella 265.2 1000.6 172.5 537.5 232.4 
Ephemerellidae Eurylophella 4.7 0.0 0.0 0.0 0.0 
Ephemerellidae Serratella 3.2 20.2 0.0 11.6 10.8 
Ephemeridae Ephemera 50.0 4.3 0.0 0.0 0.0 
Heptageniidae Cinygmula 55.1 0.0 2.9 235.3 152.9 
Heptageniidae Epeorus 98.4 168.2 110.8 198.2 56.9 
Heptageniidae Leucrocuta 23.2 27.5 0.0 0.0 3.9 
Heptageniidae Rhithrogena 0.0 0.0 0.0 0.0 0.0 
Heptageniidae Stenacron 18.2 2.4 2.9 2.4 0.0 
Heptageniidae Stenonema 12.2 18.0 3.9 9.2 32.4 
Isonychiidae Isonychia 0.0 0.0 0.0 0.0 0.0 
Leptophlebiidae Paraleptophlebia 56.2 25.1 40.2 42.4 10.8 
    
Order Odonata    
Calopterygidae Hataerina 0.0 0.0 0.0 0.0 0.0 
Gomphidae Lanthus 2.0 2.9 0.0 2.4 0.0 
Gomphidae Ophiogomphus 0.0 0.0 0.0 0.0 0.0 
Gomphidae Stylogomphus 0.0 0.0 0.0 0.0 0.0 
    
Order Plecoptera    
Capniidae  0.0 0.0 0.0 0.0 0.0 
Chloroperlidae Alloperla 0.0 0.0 0.0 0.0 0.0 
Chloroperlidae Haploperla 7.8 83.1 2.9 7.1 0.0 
Chloroperlidae Sweltsa 5.4 0.0 3.9 0.0 0.0 
Leuctridae Leuctra 89.9 147.1 43.1 144.7 35.3 
Nemouridae Amphinemura 63.6 3.3 14.7 19.8 6.9 
Nemouridae Prostoia 0.0 0.0 0.0 0.0 0.0 
Peltoperlidae Tallaperla 8.1 13.9 14.7 0.0 3.9 
Perlidae Acroneuria 7.4 12.5 3.9 10.0 1.0 
Perlidae Agnetina 0.0 0.0 0.0 0.0 0.0 
Perlidae Beloneuria 3.4 0.0 2.9 9.8 0.0 
Perlidae Paragnetina 0.0 0.0 0.0 0.0 0.0 
Perlodidae Cultus 0.0 0.0 0.0 4.3 3.9 
Perlodidae Diploperla 0.0 0.0 0.0 0.0 0.0 
Perlodidae Isogenoides 0.0 0.0 0.0 0.0 2.9 
Perlodidae Isoperla 27.6 54.1 6.9 35.1 21.6 
Perlodidae Malirekus 0.0 0.0 0.0 0.0 0.0 
Perlodidae Remenus 0.0 2.4 0.0 0.0 0.0 
Perlodidae Yugus 2.6 49.8 13.7 0.0 0.0 
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Pteronarcyidae Pteronarcys 4.9 5.7 7.8 28.4 23.5 
    
Order Hemiptera    
Hebridae Merragata 0.0 0.0 0.0 0.0 0.0 
    
Order Megaloptera    
Corydalidae Corydalus 0.0 0.0 0.0 0.0 0.0 
Corydalidae Nigronia 1.4 0.0 0.0 0.0 0.0 
    
Order Trichoptera    
Brachycentridae Brachycentrus 0.9 0.0 0.0 0.0 0.0 
Brachycentridae Micrasema 0.0 0.0 0.0 20.4 0.0 
Glossosomatidae Agapetus 0.0 29.4 0.0 2.4 10.8 
Glossosomatidae Glossosoma 1.4 39.8 0.0 3.9 4.9 
Glossosomatidae Matrioptila 0.0 0.0 0.0 0.0 0.0 
Goeridae Goera 1.4 4.9 0.0 0.0 8.8 
Goeridae Goerita 0.0 0.0 0.0 0.0 0.0 
Hydropsychidae Cheumatopsyche 5.5 0.0 0.0 0.0 11.8 
Hydropsychidae Diplectrona 22.2 30.6 20.6 56.5 7.8 
Hydropsychidae Hydropsyche 0.6 0.0 8.8 2.0 1.0 
Hydropsychidae Parapsyche 0.0 0.0 1.0 0.0 0.0 
Hydroptilidae Hydroptila 0.0 0.0 0.0 0.0 0.0 
Hydroptilidae Leucotrichia 0.0 0.0 0.0 0.0 0.0 
Lepidostomatidae Lepidostoma 0.6 1.0 3.9 4.3 7.8 
Leptoceridae Oecetis 0.0 0.0 0.0 0.0 0.0 
Leptoceridae Setodes 0.0 0.0 0.0 0.0 1.0 
Limnephilidae Hydatophylax 1.2 0.0 0.0 0.0 0.0 
Limnephilidae Pycnopsyche 0.0 0.0 0.0 0.0 0.0 
Odontoceridae Psilotreta 0.0 0.0 0.0 0.0 0.0 
Philopotamidae Dolophilodes 1.8 0.0 0.0 0.0 0.0 
Polycentropodidae Polycentropus 12.5 11.2 0.0 10.8 0.0 
Polycentropodidae Neureclipsis 0.0 0.0 0.0 0.0 0.0 
Psychomyiidae Lype 2.3 0.0 0.0 0.0 0.0 
Psychomyiidae Psychomyia 0.0 0.0 0.0 2.0 0.0 
Rhyacophilidae Rhyacophila 4.4 15.7 16.7 14.1 9.8 
Uenoidae Neophylax 16.4 33.7 0.0 16.9 16.7 
    
Order Lepidoptera    
Noctuidae  0.0 0.0 0.0 0.0 0.0 
    
Order Coleoptera    
Dryopidae Helichus 0.0 0.0 0.0 2.4 0.0 
Elmidae Ancyronyx 0.0 0.0 0.0 0.0 0.0 
Elmidae Dubiraphia 0.0 0.0 0.0 0.0 0.0 
Elmidae Macronychus 0.0 0.0 0.0 0.0 0.0 
Elmidae Optioservus 36.8 156.7 1.0 50.8 74.5 
Elmidae Oulimnius 162.1 696.9 27.5 76.7 98.0 
Elmidae Promoresia 0.0 1.0 0.0 38.8 7.8 
Elmidae Stenelmis 0.0 0.0 0.0 0.0 0.0 
Psephenidae Ectopria 3.7 5.9 0.0 0.0 1.0 
Psephenidae Psephenus 38.6 4.9 0.0 6.7 0.0 
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Ptilodactylidae Anchytarsus 0.0 0.0 0.0 0.0 0.0 
Staphylinidae Thinobius 0.0 0.0 0.0 0.0 0.0 
    
Order Diptera    
Athericidae Atherix 0.0 0.0 0.0 28.8 6.9 
Blephariceridae Blepharicera 7.9 187.5 1.0 8.2 37.3 
Cecidomyiidae  0.0 0.0 0.0 0.0 0.0 
Ceratopogonidae Atrichopogon 0.0 0.0 0.0 0.0 0.0 
Ceratopogonidae Ceratopogon 1.4 0.0 0.0 2.0 0.0 
Ceratopogonidae Culicoides 0.0 3.3 0.0 0.0 0.0 
Ceratopogonidae Dasyhelea 0.0 0.0 0.0 0.0 2.0 
Ceratopogonidae Monohelea 0.0 0.0 0.0 0.0 0.0 
Ceratopogonidae Palpomyia 6.8 35.5 9.8 2.9 2.0 
Ceratopogonidae Stilobezzia 0.0 0.0 0.0 0.0 0.0 
Chironomidae Brillia 11.1 0.0 21.8 5.3 0.0 
Chironomidae Chernovskiia 0.0 0.0 0.0 0.0 0.0 
Chironomidae Chironomus 0.0 0.0 0.0 0.0 0.0 
Chironomidae Conchapelopia 15.5 11.9 2.7 0.0 11.8 
Chironomidae Constempellina 0.0 0.0 0.0 0.0 0.0 
Chironomidae Corynoneura 13.3 0.0 8.2 0.0 0.0 
Chironomidae Cryptochironomus 0.0 0.0 2.7 0.0 5.9 
Chironomidae Demicryptochironomus 2.2 0.0 0.0 0.0 0.0 
Chironomidae Diamesa 0.0 0.0 0.0 0.0 0.0 
Chironomidae Epoicocladius 6.6 0.0 0.0 0.0 0.0 
Chironomidae Eukiefferiella 0.0 0.0 2.7 16.0 0.0 
Chironomidae Harnischia 0.0 5.9 0.0 0.0 0.0 
Chironomidae Lopescladius 4.4 53.4 0.0 0.0 0.0 
Chironomidae Micropsectra 13.3 136.4 30.0 187.2 41.2 
Chironomidae Microtendipes 2.2 5.9 5.5 5.3 5.9 
Chironomidae Nilotanypus 0.0 0.0 0.0 0.0 0.0 
Chironomidae Orthocladius 6.6 23.7 27.3 16.0 47.1 
Chironomidae Parachaetocladius 26.5 0.0 2.7 0.0 0.0 
Chironomidae Parakiefferiella 0.0 0.0 0.0 0.0 0.0 
Chironomidae Parametriocnemus 11.1 23.7 90.0 26.7 41.2 
Chironomidae Polypedilum 2.2 47.4 0.0 37.4 76.5 
Chironomidae Potthastia 6.6 11.9 2.7 5.3 0.0 
Chironomidae Rheocricotopus 26.5 17.8 13.6 42.8 17.6 
Chironomidae Rheotanytarsus 15.5 29.6 2.7 32.1 0.0 
Chironomidae Robackia 0.0 0.0 0.0 0.0 0.0 
Chironomidae Stempellina 2.2 0.0 0.0 16.0 0.0 
Chironomidae Stempellinella 0.0 0.0 0.0 5.3 82.4 
Chironomidae Thienemanniella 0.0 0.0 0.0 16.0 11.8 
Dixidae Dixa 1.4 0.0 1.0 0.0 2.9 
Dolichopodidae  0.0 0.0 0.0 0.0 0.0 
Empididae Chelifera 0.9 0.0 0.0 6.9 8.8 
Empididae Clinocera 0.0 0.0 0.0 0.0 0.0 
Empididae Hemerodromia 0.0 0.0 3.9 0.0 1.0 
Ephydridae  0.9 0.0 0.0 0.0 0.0 
Phoridae  2.3 0.0 0.0 0.0 0.0 
Psychodidae Pericoma 0.0 0.0 0.0 0.0 0.0 
Scathophagidae  0.0 0.0 0.0 0.0 0.0 
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Simuliidae Prosimulium 55.7 42.2 24.5 82.5 115.7 
Simuliidae Simulium 0.0 0.0 0.0 0.0 18.6 
Stratiomyidae Caloparyphus 0.9 0.0 0.0 0.0 0.0 
Stratiomyidae Odontomyia 0.0 0.0 0.0 0.0 0.0 
Stratiomyidae Stratiomys 0.0 7.1 0.0 0.0 0.0 
Tabanidae Chrysops 0.0 0.0 0.0 0.0 0.0 
Tabanidae Tabanus 0.0 0.0 0.0 0.0 0.0 
Tanyderidae Protoplasa 0.0 0.0 0.0 0.0 0.0 
Tipulidae Antocha 4.6 60.0 8.8 58.0 7.8 
Tipulidae Brachyprenna 2.3 0.0 0.0 0.0 0.0 
Tipulidae Cryptolabis 0.0 0.0 0.0 0.0 2.0 
Tipulidae Dactylolabis 1.4 0.0 0.0 0.0 0.0 
Tipulidae Dicranota 2.4 18.8 32.4 34.7 38.2 
Tipulidae Hexatoma 2.6 24.9 2.0 13.9 5.9 
Tipulidae Limonia 0.0 0.0 0.0 0.0 0.0 
Tipulidae Lipsothrix 0.0 0.0 0.0 0.0 0.0 
Tipulidae Molophilus 1.8 0.0 0.0 0.0 0.0 
Tipulidae Pseudolimnophila 0.0 8.8 0.0 0.0 0.0 
Tipulidae Rhabdomastix 0.0 1.0 0.0 0.0 2.0 
Tipulidae Tipula 0.0 4.9 4.9 2.4 2.0 
Unknown Genus A 0.0 0.0 0.0 0.0 0.0 
Unknown Genus B 0.0 0.0 0.0 0.0 0.0 
    
Class Crustacea    
Acari Hydracarina 1.4 5.3 0.0 18.4 100.0 
Copepoda  0.0 3.9 0.0 0.0 0.0 
Decapoda  2.0 0.0 0.0 1.0 1.0 
    
Phylum Mollusca    
Gastropoda Ancylidae 0.0 0.0 0.0 0.0 0.0 
Gastropoda Prosobranchia 9.2 15.1 4.9 32.4 0.0 
Gastropoda Pulmonata 0.0 0.0 0.0 0.0 0.0 
Bivalvia Corbicula 1.4 0.0 0.0 2.4 0.0 
    
Phylum Annelida    
Oligochaeta  96.2 576.3 78.4 105.3 153.9 
    
Phylum Platyhelminthes   
Platyhelminthes  1.8 13.3 0.0 7.3 5.9 
    
Phylum Nematoda    
Nematoda  4.8 13.1 8.8 14.9 2.9 
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